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ABSTRACT 
 
Molecular and morphological characterization of Phytopthora isolates recovered 
from Ericaceous nursery hosts throughout the state of Tennessee over two years allowed 
for the identification of six known species and one previously undescribed species. The 
undescribed species was observed in California and Tennessee simultaneously and a 
species description is provided for P. foliorum sp. nov. Of the six known species 
recovered from nursery hosts, P. citricola and P. citrophthora were recovered most 
frequently, exhibit diverse AFLP genotypes within the state, and are likely moved via the 
nursery trade. Other species recovered included P. cactorum, P. nicotianae, P. palmivora, 
and P. tropicalis. Upon the observation of both P. tropicalis from nursery hosts and P. 
capsici from vegetable hosts within the state interspecific crosses were performed 
between isolates from each species. Characterization of oospore progeny using AFLP and 
DNA sequence data from these crosses demonstrate that interspecific hybridization is 
possible. Additionally, apomixis or asexual reproduction via a sexual structure was 
observed in some crosses. Utility of AFLP markers used in these crosses quickly 
degraded. Upon these observations, a novel set of DNA-based markers were sought for 
use with laboratory crosses and field isolates. Using primary sequence data from the P. 
capsici genome sequencing project 36 loci were analyzed in a four isolate panel, plus one 
isolate of P. tropicalis. A subset of assays were developed using high-resolution DNA 
melting analysis. These assays were implemented in characterizing field isolates from 
one vegetable production facility over four years. The data suggests that the sexual stage 
and recomnbination is occurring in Tennessee vegetable fields infested with P. capsici. 
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CHAPTER 1 
INTRODUCTION 
 2 
 
The field of plant pathology can be traced back to Anton DeBary, who in 1861 
provided experimental evidence that ‘late blight of potato’ was caused by Phytophthora 
infestans (2, 23). Members of the genus Phytophthora are considered to be the most 
destructive pathogens of dicotyledonous plants (10, 24). Commonly noted for their 
devastation in agricultural production, species of Phytophthora are also known to impact 
natural settings (9, 15, 19). Oomycetes are a group of fungal like-organisms and include 
phytopathogenic genera like Phytophthora, Pythium, Aphanomyces, Peronospora, 
Bremia, and Albugo. Among these genera there are hundreds of species, some of which 
are of economic and basic research significance. Oomycetes are similar to fungi in that 
they exhibit mycelial growth and absorptive nutrition. However, they can be 
distinguished by the following: diploid thallus, asexual propagation via biflagellated 
zoospores, oogamous sexual reproduction, tubular mitochondrial cristae, and cell walls 
lacking chitin (3, 14).  
A number of taxonomic revisions within the ‘Protista’ have led to the current 
taxonomic scheme where Phytophthora and other Oomycetes are classified as 
stramenopiles (1, 11, 17, 36, 44). This classification is based on a model of plastid 
evolution which is believed to have come as the result of a secondary endosymbiosis 
event involving a red algae (17, 44). Although plastids have not been observed in the 
genus Phytophthora, genomic sequencing revealed hundreds of genes with strong 
similarity to those in photosynthetic organisms, suggestive of a photosynthetic ancestor 
(28, 36).  
 3 
The historical relevance and billions of dollars in losses for potato production 
around the world have made Phytophthora infestans the more well-studied species within 
the genus (25). The literature surrounding P. infestans is highlighted by studies in 
physical/genetic mapping, functional genomics, and evolution (4, 6-8, 10, 21, 22, 34, 37, 
41, 43). Phytophthora sojae, the soybean pathogen, has also been well studied and with a 
smaller genome was the first species for which a genome sequence was made available 
(5, 16, 29, 33, 36, 42). A genome sequence for the sudden oak death pathogen, P. 
ramorum was generated simultaneously with P. sojae and a series of papers were 
published documenting this achievement (20, 26, 31, 32, 35, 36, 45). With genomic 
resources available or becoming available for P. sojae, P. ramorum, P. infestans, P. 
capsici one can safely say that Phytophthora has entered the genomics age (7, 16, 18).   
While these genomic resources provide unique opportunities and challenges their 
utility is still in its infancy. DNA-based markers for use with other oomycetes like 
Pythium, Peronospora, and Albugo have been restricted to a few nuclear and 
mitochondrial markers (13, 27, 30, 38-40). Recently, Blair et al. utilized some of the 
available genomic resources to generate a multi-locus phylogeny resolving the genus 
Phytophthora into 10 well-supported clades (9). The findings presented in this study are 
overall in agreement with molecular phylogenies for the genus provided by Cooke et al., 
Kroon et al., and Martin and Tooley (13, 27, 30).  
 The chapters that follow are focused on the molecular characterization of seven 
Phytophthora species recovered from nursery production across Tennessee, P. capsici 
isolates recovered from one vegetable farm in Grainger County during the 2004, 2006, 
and 2007 growing seasons. Phytophthora are recognized as soil-borne pathogens and are 
 4 
evidenced by the disease symptoms produced like damping-off, root rot, crown/collar rot, 
and stem rot (12). In contrast, some species produce disease symptoms on aerial parts 
including foliar blights, stem rot/cankers, fruit rot, or bud rot (12). Regardless of species 
and symptoms produced, the soil serves as an important reservoir for inoculum (12). It 
has been hypothesized, based on molecular phylogenies, that Phytophthora species in 
clades 1-5 exhibit more of an aerial habitat, may be more likely to produce haustoria, are 
more evolved and more related to the downy mildews like Peronospora (13, 15). The 
majority of the work that follows is centered but not exclusive to species belonging to 
Phytophthora clade 2. The species within clade 2 covered in this work include: P. 
citricola, P. citrophthora, P. capsici, and P. tropicalis.   
Chapter two provides a species description of Phytophthora foliorum as a new 
pathogen of azalea. This species was recovered simultaneously in Tennessee and 
California while conducting state surveys for the Sudden Oak death pathogen 
Phytophthora ramorum. Through collaboration between our lab and researchers in 
California, this species was described this species using molecular and morphological 
approaches. Phytophthora foliorum is a homothallic species, known to have an aerial 
habitat, and belongs to clade 8. Chapter three provides nuclear and mitochondrial 
phylogenies for two closely related clade 2 species, Phytophthora capsici and P. 
tropicalis. In addition, crosses were made between field isolates and the resulting 
progeny were characterized. Evidence for interspecific hybridization, apomixis, 
bisexuality in both parents, and maternal inheritance of mtDNA are provided. Chapter 
four revisits work done for the Sudden Oak Death Survey by characterizing six 
Phytophthora species recovered from ericaceous hosts in Tennessee’s nursery industry. 
 5 
This study provides documentation for Phytophthora species present in the state’s woody 
ornamental nursery industry and provides insights as to mechanisms of survival and 
spread. Chapter five is concerned with the development of a suite of single nucleotide 
molecular SNP markers derived from primary sequence data used in the Phytophthora 
capsici genome project. High-resolution DNA melting analysis assays were developed 
for use in assaying SNP’s in P. capsici field populations. Assays in combination with 
sequence data, and Bayesian inference allowed for the identification of haplotypes which 
in turn were used to test for Hardy-Weinberg equilibrium.     
 6 
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CHAPTER 2 
PHYTOPHTHORA FOLIORUM SP. NOV., A NEW SPECIES CAUSING LEAF 
BLIGHT OF AZALEA   
 
 
 
 
 
 
 
 
 
 
This chapter is essentially the same as an article in Mycological Research published in 
November 2006 by Ryan Donahoo, Cheryl Blomquist, Samantha Thomas, Kevin 
Moulton, Dave Cooke, and Kurt Lamour: 
Donahoo, R., Blomquist, C. L., Thomas, S. L., Moulton, J. K., Cooke, D. E. L., and 
Lamour, K. H. 2006. Phytophthora foliorum sp. nov., a new species causing leaf blight o 
azalea. Mycol. Res. 110:1309-1322. 
My contributions include generation of sequence data, pathogenicity experiments, 
morphological observations, ‘DNA fingerprinting’ the preparation of the manuscript. 
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Abstract 
A previously unknown Phytophthora was recovered more than 60 times from evergreen 
hybrid azalea leaves collected during surveys for the Sudden Oak Death pathogen 
Phytophthora ramorum in California and Tennessee. The novel Phytophthora was 
discovered when genomic DNA from this species cross reacted with the ITS based 
diagnostic PCR primers used to screen plants for the presence of P. ramorum. This 
species had caducous, semipapillate sporangia, was homothallic with both paragynous 
and amphigynous antheridia, and was pathogenic on both wounded and not wounded 
azalea leaves. Nuclear and mitochondrial sequence data indicate that this species is 
related to ‘but distinct from’ P. ramorum. AFLP analysis indicates that the isolates of this 
species have limited genotypic diversity and share no markers with P. ramorum. This 
paper presents the formal description of Phytophthora foliorum as a new species and 
underscores the need for caution when relying solely on DNA-based diagnostic tools. 
Introduction 
 Commonly called water molds, more than 60 Phytophthora species have currently 
been described and are classified in the Kingdom Chromista (5, 22). Most Phytophthora 
species are considered plant pathogens (3, 5). Phytophthora ramorum, a recently 
described species (20), has been found to cause oak mortality in 14 counties of coastal 
forest in California and, in a single county in southern Oregon in the United States. The 
disease has been detected in nurseries and garden centers in the western U. S. 
(Washington, Oregon, and California), British Columbia, Canada as well as  Europe (8). 
Phytophthora ramorum is found on several genera of woody nursery stock in Europe 
(17). In response to the concern that P. ramorum will move on nursery stock and infect 
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the red oak woodlands of the eastern United States, the United States Department of 
Agriculture-Animal and Plant Health Protection Service-Plant Protection and Quarantine 
(USDA-APHIS-PPQ) funded a nationwide survey of nursery stock in 2004 and 2005. 
New species of Phytophthora have been described as a result of this and forest survey 
efforts (9, 11). The USDA mandated that a single ITS-based nested PCR test be used for 
P. ramorum detection in the US national survey. Phytophthora hibernalis, a close relative 
of P. ramorum, has been previously shown to yield false positives in this P. ramorum 
detection assay (1). As a result of intensive survey efforts in California and Tennessee in 
2004 and 2005, a previously undescribed Phytophthora species with distinctly different 
morphology from P. ramorum was identified. This previously undescribed Phytophthora 
species also produced a false positive in the P. ramorum detection assay. This paper 
presents the morphological description of P. foliorum as a new pathogen of azalea, the 
phylogenetic relationship to other Phytophthora species based on nuclear and 
mitochondrial DNA sequences, and the intraspecific variation within the species P. 
foliorum as assessed by AFLP. 
Materials and Methods 
Cultures:  All isolates used in this study are listed in Table 2-1. Cultures were obtained 
from leaf samples submitted during the national survey for the Sudden Oak Death 
pathogen P. ramorum.  Leaf tissue from the edge of foliar lesions was plated on cornmeal 
agar, (CMA; Sigma) amended  with PARP (pimaricin 25 ppm, ampicillin 100 ppm, 
rifampicin 25 ppm and  pentachloronitrobenzene 25 ppm) (5).  Cultures were 
subsequently hyphal-tipped to ensure single isolates.  Hyphal-tipping was accomplished 
by growing each culture on water agar and then sub-culturing a single strand from the 
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expanding margin of the culture. Cultures were incubated in the dark at room temperature 
for 7-10 days prior to microscopic examination. Cultures were maintained on CMA-
PARP, CMA and V8 agar (V8) and were stored long term at room temperature at 18ºC as 
colonized agar disks of V8 and Rye A medium (2, 5) in sterile water containing two 
autoclaved hempseeds. Colony morphology, growth rate, and oospore morphology were 
determined by culturing isolates on CMA, V8 and half-strength potato dextrose agar 
(PDA). Cardinal growth temperatures were determined using CMA plates inoculated 
with a 5-mm diameter agar plug and incubated in the dark at: 4, 10, 15, 18, 21, 24, and 26 
°C (n=3). Isolates of P. cactorum, P. ramorum, and P. hibernalis were also used in 
temperature growth rate assays for comparison. 
For oospore production, CMA and V8 plates were placed in the dark at 18 °C for 
7-10 days. Oospores were measured using a Nikon Eclipse (E600 Series) microscope. 
Sporangia were produced by transferring actively growing agar plugs of mycelium to  
Petri plates containing soil extract water (150 grams of soil in 1L DI H2O mixed with a 
stirring bar for 30 minutes, decanted, and run  through a 20µm filter) and incubated at 
room temperature overnight both in the light and dark. Isolate192 has been deposited to 
the American Type Culture Collection (ATCC) and the Phytophthora species collection 
at the University of California, Riverside. 
Plant inoculations:  Initial pathogenicity tests were done to complete Koch’s postulates 
using nursery stock azalea plants ‘Pink Ruffles’ (courtesy of M. Windham) and P. 
foliorum isolate 192. Prior to inoculations, plants were grown in a greenhouse under 
ambient lighting in 1 gallon pots containing soil-less potting medium (Redi-Gro, 
Sacramento, California). Inoculation experiments were conducted in a growth chamber
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Table 2-1.  Phytophthora isolates used in this study 
Isolate County, State Host 
Phytophthora foliorum   
    1283844 Alameda, CA Rhododendron sp. (azalea) ‘Duc de Rohan’ 
    1301442 San Joaquin, CA Rhododendron sp. (azalea)  ‘Sherwood Red’ 
    1367244 Orange, CA Rhododendron sp. (azalea)  ‘Red Ruffle’ 
    1307997 Sonoma, CA Rhododendron sp. (azalea) 
    1330048 San Mateo, CA Rhododendron sp. (azalea)  ‘Rose Glow’ 
    1314489 Los Angeles, CA Rhododendron sp. (azalea) ‘Phoenicia’ 
    1307658 Butte, CA Rhododendron sp. (azalea) ‘Imperial Princess’ 
    1267257 Ventura, CA Rhododendron sp. (azalea)  ‘Fielder’s White’ 
    1313743 Sacramento, CA Rhododendron sp. (azalea) ‘Brilliant’ 
    192* Shelby, TN Rhododendron sp. (azalea) ‘Pink Ruffles’ 
    1261 Shelby, TN Rhododendron sp. (azalea) ‘Pink Ruffles’ 
P. cactorum   
    1314491 Los Angeles, CA Pyracantha koidzumii ‘Victory’ 
    1342723 Santa Cruz, CA Rhamnus californica  
P. ramorum   
    1289753 Santa Cruz, CA Rhododendron sp. (rhododendron) 
    1341211 Sacramento, CA Rhododendron sp. (rhododendron) ‘Minnetonka’ 
P. hibernalis   
    1330912 Solano, CA Camellia ‘Ice Follies’ 
*Isolate used in pathogenicity experiments. 
  
 
 
maintained at approximately 22 ºC with a 12 hour dark/light cycle. Seven millimeter 
plugs of actively growing mycelium grown for seven days on V8 at 22 °C, were adhered 
by placing the plugs on the under sides of both wounded (N = 4) and not wounded (N = 
4) newly unfurled leaves. The plants were misted with water and placed into sealed 
plastic bags for 48 hours. Plants were removed from the plastic bags after 48 hours and 
symptom development was monitored daily for two weeks. 
PCR-RFLP and AFLP:  Nested PCR amplification was performed as per Davidson et 
al. (4) and l0 µl of the final amplicon from nested PCR was digested with HaeIII (New 
England Biolabs Ipswich, MA) and the restriction profiles were resolved on a 3% 
NuSieve gel (Cambrex, Rockland, ME). ITS amplicons (two P. foliorum and one P. 
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ramorum) were amplified as described above, and 10 µl from each reaction was digested 
separately with AluI (NEB) and MspI (Promega, Madison, WI) according to the 
manufacturer’s instructions. Ten µl of the digested ITS amplicons were resolved on a 3% 
NuSieve gel (Cambrex, Rockland, ME) run at 20V for 12 hours. Genomic DNA from 
eleven isolates of P. foliorum and one isolate of P. ramorum was assayed for AFLP 
markers using EcoRI and MseI restriction enzymes, adapters, and primers as described by 
Vos et al. (18). Selective amplifications were done using Eco-AC, Mse-CCC primers, and 
labeled in separate reactions as described by Habera et al. (7). Fluorescently labeled 
products were resolved on a Beckman-Coulter CEQ8000 capillary genetic analysis 
device and the fragment profiles edited manually to determine the number of mono- and 
polymorphic AFLP markers. 
DNA amplification and sequencing:  Mycelium was grown in V8-PARP broth, 
lyophilized, and genomic DNA was extracted using Qiagen’s DNeasy Plant Mini-kit 
(Valencia, CA). Table 2-2 lists the primers used for amplification and sequencing. PCR 
reactions and cycling parameters for the ITS, beta-tubulin (ß-tub), translation elongation 
factor 1 a (EF-1a), and cytochrome oxidase (cox) are as described by Cooke et al. (3), 
Kroon et al. (12), and Martin and Tooley (13), respectively. PCR products were resolved 
on 1% agarose gels to verify a single product, cleaned using Qiagen’s Qiaquick PCR 
purification kit, and submitted to the sequencing core facility at the University of 
Tennessee.  
Phylogenetic analysis:  Nucleotide sequences for all other Phytophthora species in this 
study are listed in Table 2-3. Sequences from 54 Phytophthora species used in the study 
of Kroon et al. were used in the comparison of the ß-tub and EF-1α genes. These  
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Table 2-2.  Primers used for amplification and sequencing 
 
Target Primer name Sequence Reference 
ITS4 5’-TCCTCCGCTTATTGATATGC-3’ ITS 
ITS6 5’-GAAGGTGAAGTCGTAACAAGG-3' 
Cooke et al. 2000 
TubuF2 5’-ACGGCTCGAGGATGACCATG-3’* Beta-tubulin     
(β-tub) TubuR1 5’-CCTGGTACTGCTGGTACTCAG-3’* 
ElongF1 5’-TCACGATCGACATTGCCCTG-3’* 
 
Translation 
elongation factor 
1 alpha (EF-1α) ElongR1 5’-ACGGCTCGAGGATGACCATG-3’* 
Kroon et al. 2004 
FM75 5’-CCTTGGCAATTAGGATTTCAAGAT-3’* 
FM77 5’-CACCAATAAAGAATAACCAAAAATG-3’ 
FM78 5’-ACAAATTTCACTACATTGTCC-3’* 
FM79 5’-GGACAATGTAGTGAAATTTGT-3’* 
Cytochrome 
oxidase (cox)  I 
and II     
FM80 5’-AATATCTTTATGATTTGTTGAAA-3’* 
Martin and Tooley 
2003a 
* Primers used in sequencing reactions.
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Table 2-3.  Phytophthora species sequence accession numbers from GenBank for isolates 
used in the phylogenetic analyses 
Phytophthora species Isolate  GenBank Accession numbers 
  ITS Β-tubulin EF-1α coxI 
P. alni subsp. multiformis d AF139368   AY129176 
P. arecae IMI348342 a,c AF266781   AY129176 
 CBS148.88 b  AY564049 AY564105  
P. bisheria P1.33 d AF408625    
P. botryose IMI136915 a AF266784    
 IMI136916 b  AY564051 AY564107  
P. brassicae CBS 178.87 AF380147    
P. cactorum IMI296524 a AF266772    
 P6183 b  AY564052 AY564108  
 311 c AY129178    
 385 c    AY129179 
 SB2079 c    AY129180 
P. cajani a P536 AF266765    
P. cambivora IMI296831 a AF266763    
P. capsici a IMI352321 AF266787    
 302PT,c    AY129181 
P. cinnamomi UQ881 a AF266764    
 RADACI B b  AY564054 AY564110  
var. Parvispora  AY302184    
 Cn-2DJM c    AY129182 
P. citricola IMI031072 a AF266788    
 P1817 b  AY564055 AY564111  
 Cr-4DJM c    AY129183 
 SB2084 c    AY129184 
P. citrophthora IMI332632 a AF266785    
 CBS274.33 b  AY564056 AY564112  
P. clandestina IMI287317 a,b AJ131989 AY564057 AY564113  
P. colocasiae IMI368918 a,b AF266786 AY564058 AY564114  
 ATCC 56193 c    AY129185 
 P3773MC, c    AY129186 
 ATCC52233 c    AY129187 
P. cryptogea IMI045168 a AF266796   AY129188 
 HR1/ss/pp/99 b  AY564059 AY564115  
P. drechsleri ATCC46724  a,b,c AF266798 AY564060 AY564116 AY129190 
 301PT, c    AY129189 
P. erythroseptica ATCC36302 a AF266797   AY129191 
 ATCC46725 b  AY564061 AY564117  
 388PT, c    AY129193 
P. europaea OSU-2 AE2d AF449491    
P. fragariae v. rubi CH132 a AF266761    
P. fragariae v. Rubi I FVR67 b  AY564064 AY564120  
P. fragariae v. rubi II FVR30 b  AY564065 AY564121  
P. fragariae v. rubi 397PT   c    AY129196 
P. fragariae v. frag. IMI330736 a AF266762    
P. fragariae v. frag.  II NS4 b  AY564063 AY564119  
P. fragariae v. frag. 394PT,  c    AY129194 
P. fragariae v. frag. 398PT, c    AY129195 
P. gonapodyides P245y AF266793 AY564066 AY564122  
P. gonapodyoides  393PT  , c    AY129197 
Phytophthora sp “O” 
Group P246b
 a AF266791    
P. hedraiandra CBS 111725d AY707987    
P. heveae (T) IMI180616a,b AF266770 AY564067 AY564123  
P. hibernalis ATCC64708 b,c AY564068  AY564124 AY129201  
 ATCC56353 c    AY129199 
 ATCC60352 c AY129200    
 380c    AY369375 
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Table 2-3 (continued)  
 
Phytophthora species Isolate  GenBank Accession numbers 
  ITS β-tubulin EF-1α coxI 
P. humicola IMI302303
 
a, AF266792 AY564069 AY564125  
P. idaei (T)   IDA3 a AF266773    
 IMI313727 b  AY564070 AY564126  
P. ilicis   ILI1 a AJ131990    
 PD91/595 b  AY564071 AY564127  
 343PT, c    AY129202 
 ATCC56615 c    AY129203 
P. infestans IMI66006 a AF266779    
 176PT, c    AY129204 
 180 PT, c    AY129205 
 580 PT, c    AY129206 
P. infestans Ia Pic99186 b  AY564035 AY564093  
P. infestans IIa Dr98004 b  AY564036 AY564094  
P. ipomoeae Pic99165 d AY770742    
P. inflata IMI342898
 
a,b AF266789
  AY564072   AY564128   
P. insolita (T) IMI288805
 
a,b AF271222
  AY564073   AY564129   
P. inundata P246b d AF266791    
P. iranica  IMI158964
 
a,b AJ131987
  AY564074 AY564130   
P. katsurae   IMI360596 a AF266771     
 IMI325914 b  AY564075 AY564131  
P. lateralis (T) IMI040503
 
a,b,c AF266804 AY564076 AY564132 AT129207 
 452PT, c    AY369360 
 455PT, c    AY369361 
P. meadii IMI129185 b  AY564077   AY564133   
P. medicaginis UQ125 a AF266799     
P. megakarya IMI337104 a AF266782    
 IMI337098 b  AY564078   AY564134   
 327PT, c    AY129208 
 328PT, c    AY129209 
P. megasperma IMI133317 a,b AF266794 AY564079 AY564135  
P. sp (asparagus) UQ2141 a AF266795    
P. melonis IMI325917 a AF266767    
P. mirabilis (T) ATCC64130 a AF266777     
 ATCC64070 c    AY129213 
 ATCC64073 c    AY129214 
P. mirabilis I Pic99129 b  AY564038   AY564095   
P. mirabilis II P3001 b  AY564039   AY564096   
P. mirabilis IV G4-4 b  AY564041   AY564098   
P. mirabilis V G15-4 b  AY564042   AY564099   
P. multivesiculata CBS545.96 a,b AF266790
  AY564080   AY564136   
P. nicotianae UQ848 a AF266776    
 P582 b  AY564081   AY564137  
 Pn-17DJM, c    AY129215 
 322PT, c    AY129216 
P. niederhauseii PPIL.01.5112d AY550916    
P. nemorosa 482PT, c AY332654   AY429504 
 483PT, c    AY429505 
P. pistaciae 483PT c    AY429505 
P. pistaciae PIS15 d AF403506    
P. palmivora UQ1249 a AF266780     
      
 CBS236.30 b  AY564082   AY564138   
 329PT c    AY129217 
 Pl-5DJM c    AY129218 
 Pl-10DJM c    AY129219 
 21 
 Pl-14DJM c    AY129220 
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Table 2-3 (continued)  
 
Phytophthora species Isolate  GenBank Accession numbers  
  ITS β-tubulin EF-1α coxI 
P. phaseoli ATCC60171 a,b AF266778 AY564044 AY564101  
 330PT c    AY129221 
P. porri CBS782.97 a AF266801     
P. primulae CBS620.97 a AF266802     
P. pseudosyringae  484PT c    AY429506 
 485PT c    AY429507 
 470PT c    AY369357 
 471PT c    AY369358 
 473PT c AY369374   AY369359 
P. pseudotsugae IMI331662 a,b AF266774 AY564084 AY564140  
P. pseudotsugae 308PT c    AY129222 
P. psychrophila IFB-PSY 2d AF449494    
P. quercina (T) QUE4 a AJ131986     
P. richardiae IMI340618 a AF271221     
 CBS240.30 b  AY564086   AY564142   
P. ramorum PD93/51b  AY564092   AY564149   
 Prg-2PT  c    AY369365 
 016DR c    AY369362 
 013DR  c    AY369363 
 CoenTT  c    AY369364 
 20315247 AY616757    
P. sinensis (T) ATCC46538 a AF266768     
 P1475 b  AY564087   AY564143   
P. sojae UQ1200 a AF266769     
 P6497 b  AY564047   AY564104   
 ATCC48068 b    AY129223 
P. syringae IMI296829 a  AF266803   AY564088   
 IMI045169 b AY564144     
 442PT c    AY129224 
 468PT c    AY369366 
 469PT c    AY369367 
P. sp. 
spathiphyllum    AY564091
   AY564147   
P. tentaculata CBS552.96 a AF266775    
P. trifolii UQ2143a AF266800    
P. tropicalis H352 d AY208125    
 AN97/86b  AY564046 AY564103  
P. uliginosa IFB-ULI 1d AF449495    
P. vignae UQ136 a AF266766     
 CBS241.73 b  AY564090 AY564146   
      
aIsolate number and accession obtained from Cooke et al. 2000 
bIsolate number and accession obtained from Kroon et al. 2004 
cIsolate number and accession obtained from Martin et al. 2003b 
dIsolate number and accession obtained directly from GenBank
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included 49 distinct Phytophthora species with multiple isolates of P. infestans, P. 
mirabilis, and P. fragariae with Pythium aphanidermatum treated as an outgroup (12). 
For phylogenetic analysis of the coxII sequences from the same 64 taxa used by Martin 
and Tooley (14) were included. These were comprised of 30 Phytophthora species with 
multiple taxa represented for several species (Table 2-3). The ITS sequences used in the 
publication of Cooke et al. (2000) plus additional sequences representing other more 
recently described species were downloaded from GenBank and are listed in Table 2-3.   
Parsimony Analysis:   We conducted independent phylogenetic analysis of concatenated 
nuclear, ITS and coxII nucleotides using the parsimony criterion implemented in PAUP* 
4.0b10 (16). All characters were treated as unordered. Trees were constructed by a 
heuristic search with tree bisection-reconnection (TBR) branch swapping in a random 
stepwise addition of taxa repeated 1000 times. Maxtrees was set to increase 
incrementally. Node support was evaluated by nonparametric bootstrap resampling (6). 
Bootstrap scores were calculated from 1000 replicates, with each replicate consisting of 
three searches starting with a tree built by stepwise addition using the simple addition 
sequence 
Maximum Likelihood Analysis:  Phylogenetic trees were also estimated using the 
maximum likelihood (ML) criterion implemented in PAUP* 4.0b10 (16). Nucleotide 
substitution models for each molecular data set were selected using Modeltest 3.06 (15). 
Once a model was selected for a given molecular data set, we used this model and its 
parameter estimates to search for an optimal ML tree via heuristic searches of tree space 
using TBR branch swapping in a random stepwise addition of taxa repeated 15 times.  
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Bayesian Analysis:  Bayesian Markov chain Monte Carlo (MCMC) phylogenetic 
analysis was conducted using MrBayes 2.01 (10) using the models and parameters 
suggested for each data matrix by Modeltest. Each Markov chain in the Bayesian search 
was started from a random tree and run for 1 x106 cycles, sampling every 1000th cycle 
from the chain. Four chains were run simultaneously, three ‘hot’ and one ‘cold’. Each 
simulation was run twice. We used the default settings for the priors on the rate matrix 
(0-100), branch lengths (0-10), and proportion of invariant sites (0-1). Stationarity (of the 
sum of the natural log of the likelihoods of the trees in each of the four chains weighted 
according to the temperatures of the chains) was evaluated by monitoring likelihood 
values graphically. The initial 100 trees in each run were discarded as ‘burn-in’.  The 
remaining trees were used to construct majority rule consensus trees.  Bayesian posterior 
probabilities for each clade were derived from trees remaining after the discarding the 
burn-in samples. For ease of visual comparison to bootstrap values, we present these 
probabilities as whole numbers ranging from 0-100. Posterior probabilities greater than or 
equal to 95% are generally regarded as strong support for a clade’s existence (21). 
Results 
Isolates and pathogenicity:  More than 60 isolates of P. foliorum were recovered 
from leaf samples of azalea collected in California and Tennessee during P. ramorum 
surveys in the summer of 2004 and winter of 2005. Phytophthora foliorum was isolated 
from the margin of brown leaf spots and healthy tissue. Inoculation experiments to 
complete Koch’s postulates with ‘Pink Ruffles’ and P. foliorum isolate 192 resulted in 
lesions similar to those seen on naturally-infected plants. Artificially-wounded leaves 
developed lesions at a faster rate than non-wounded leaves (Figure 2-1). Phytophthora  
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Figure 2-1. Lesions produced on the leaves of azalea cv. ‘Pink Ruffles’ 3 days following  
wounded (A) and not wounded (B) inoculations with Phytophthora foliorum. 
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foliorum was isolated from the margins of expanding lesions on both wounded and not 
wounded leaves after 14 days. Oospores were produced in culture after seven days on 
CMA-PARP, CMA, V8-PARP, and V8 agar plates. Oospore width ranged from 28.2 to 
38.2 µM and averaged 33 µM (N=120). Antheridia were generally paragynous and 
attached to the oogonia next to the oogonial stalk (Figure 2-2). Sporangia were not 
produced on any of the media tested. Sporangia proved to be difficult to stimulate and 
were only observed in soil extract water. The sporangia are borne terminally on the 
sporangiaphore, and are caducous, ovoid, and semi-papillate (Figure 2-2). Phytophthora 
foliorum was able to grow at temperatures ranging from 4-28 °C (Figure 2-3). Isolates 
exhibited a stressed growth response of sectoring on all media at temperatures greater 
than 24 °C. Growth on V8 and CMA was appressed whereas on PDA, growth was aerial 
and cottony (Figure 2-4).  The optimum temperature for P. foliorum growth in culture is 
21-22 °C. At this temperature isolates grew ~3 mm d-1. 
Phytophthora foliorum resembled P. cactorum in culture, however P. cactorum 
can be distinguished from P. foliorum in culture by its rapid growth at higher 
temperatures (i.e., >24 °C) and production of sporangia. Phytophthora foliorum is 
morphologically somewhat similar to P. syringae in culture, yet is distinguishable by 
sporangia being caducous and born terminally, whereas for P. syringae, sporangia are 
persistent, and form in succession in a close monochasial sympodium formation. At all 
temperatures, P. foliorum had a greater growth rate than P. ramorum and P. hibernalis. 
Phytophthora foliorum isolates grew faster in total darkness than with a photoperiod. The 
growth rate of isolates on CMA at 21 °C was reduced by 60% when isolates were 
exposed daily to a 12 hr photoperiod (data not shown). 
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Figure 2-2. Oospores produced by isolates of Phytophthora foliorum. Both paragynous 
(top left) and amphigynous (top right) antheridial attachments were observed.  
Sporangia of Phytophthora foliorum born terminally on the sporangiaphore C, 
and are ovoid, semi-papillate, with a short pedicle D. Bar = 10µm for A, B, D.   
 
 
 
 
 
 
 
 
 
Figure 2-3. Growth rates of Phytophthora species frequently recovered from nursery 
samples during sudden oak death sampling. Isolates were grown on cornmeal 
agar in the dark (n=3). 
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Figure 2-4. Growth of Phytophthora foliorum on various media at different temperatures. 
Rows: A = 10 oC; B = 18 oC; C = 27 oC. 
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 Nested PCR and PCR-RFLP:  Azaleas and rhododendron naturally infected with P. 
foliorum and P. hibernalis, respectively, produced amplicons in the second amplification 
step of the PCR assay that co-migrated with the P. ramorum amplicon on Nusieve 3:1 
agarose gels (Figure 2-5). These amplicons tended to be less bright when compared with 
P. ramorum bands and not always reproducible. HaeIII digestion of the amplicons easily 
distinguished the three species (Figure 2-5). Likewise, restriction digests of the ITS 
amplicons generated from pure culture genomic DNA when cut with AluI resulted in one 
clearly resolved polymorphic fragment, whereas digestion with MspI resulted in identical 
restriction profiles (Figure 2-6). 
Genotypic and phylogenetic analysis:  Thirteen reproducible AFLP markers were 
generated using the described AFLP primers. No polymorphisms were present among the 
eleven P. foliorum isolates, suggesting limited genotypic diversity in this new species 
(Table 2-1, Figure 2-7). A comparison of P. ramorum with P. foliorum using the same 
primer combination indicated that they have no markers in common (Figure 2-7). 
Phylogenetic analysis:  Phylogenetic analysis of the concatenated nuclear genes ß-tub-
EF-1, the coxII mitochondrial gene, and ITS regions shows that P. foliorum is closely 
related to ‘but distinct from’ P. ramorum, P. lateralis, and P. hibernalis (Figs. 2-8, 2-9, 
2-10). Phytophthora foliorum is consistently placed towards the base of the clade 
containing P. hibernalis, P. lateralis, and P. ramorum although its exact position varies 
slightly depending on the sequences examined.  
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Figure 2-5. Amplicons and HaeIII restriction profiles from the second amplification 
reaction of the nested PCR protocol for the detection of Phytophthora 
ramorum. Lanes 1 and, 2: DNA from P. ramorum-infected Umbellularia 
californica; Lanes 3-10: DNA from P. foliorum-infected azaleas; Lanes11,12: 
DNA from P. hibernalis-infected rhododendron. Odd numbered lanes are 
undigested PCR amplicons. Even numbered lanes are HaeIII digests of 
amplicons in the previous lane. Lane 13: size standards.    
 
 
Figure 2-6. Restriction digests of the ITS ribosomal DNA region using A, Alu1 and B, 
Msp1 for Phytophthora foliorum (1, 2) and P. ramorum (3). L = 100bp ladder.   
L  1   2   3    L   1   2   3 
A                 B 100 
200 
300 
400 
500 
600 
700 
800, 900, 1000  
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Figure 2-7. Electropherograms showing fluorescently labeled Amplified Fragment 
Length Polymorphism (AFLP) markers for A, Phytophthora ramorum, and B, 
C, D, isolates of P. foliorum. Profiles were generated using the selective 
primer pair E-AC/M-CCC and resolved on a Beckman CEQ 8000 genetic 
analysis platform. No clearly resolved fragments are shared between the two 
species. 
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Figure 2-8. Phylogenetic tree showing the relationship of Phytophthora foliorum within 
the genus Phytophthora based on concatenated ß-tub-EF1a sequences. Tree 
topology based on maximum likelihood criteria. Maximum parsimony 
bootstrap scores and Bayesian posterior probabilities are shown above and 
below nodes, respectively, of clades containing the inferred closest relatives of 
P. foliorum.   
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Figure 2-9.  Phylogenetic tree showing the relationship of Phytophthora foliorum within 
the genus Phytophthora based on coxII sequences. Tree topology based on 
maximum likelihood criteria. Maximum parsimony bootstrap scores and 
Bayesian posterior probabilities are shown above and below nodes, 
respectively, of clades containing the inferred closest relatives of P. foliorum.  
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Figure 2-10. Phylogenetic tree showing the relationship of Phytophthora foliorum within 
the genus Phytophthora based on ITS sequences. Tree topology based on 
maximum likelihood criteria. Maximum parsimony bootstrap scores and 
Bayesian posterior probabilities are shown above and below nodes, 
respectively, of clades containing the inferred closest relatives of P. foliorum.   
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The concatenated ß-tub-EF-1a sequences suggest that P. foliorum shares its most 
recent common ancestor with P. hibernalis, with these two species found basal to the 
group containing P. ramorum and P. lateralis (Figure 2-8). The coxII phylogeny places 
P. foliorum closest to P.  hibernalis but basal to P. hibernalis, P. lateralis, and P. 
ramorum. (Figure 2-9). The ML phylogeny based on ITS regions places P. foliorum 
closest to P. ramorum yet basal to P. hibernalis and P. lateralis (Figure 2-10).  
Discussion 
 This is the first report of Phytophthora foliorum sp. nov. a new pathogen of 
azalea. Phytophthora foliorum belongs to Group III of the Waterhouse classification 
based on morphological characteristics (5, 19). Morphologically, P. foliorum is distinct 
from its sister taxa (P. ramorum, P. lateralis, and P. hibernalis). Phytophthora foliorum 
differs from P. ramorum in that it is homothallic and rarely if ever produces sporangia in 
culture. P. foliorum differs from P. lateralis in that it has semi-papillate sporangia. 
Unlike P. lateralis and P. ramorum, P. foliorum has not been found to produce 
chlamydospores. Phytophthora foliorum was discovered simultaneously in California and 
Tennessee during state and national surveys to detect the Sudden Oak Death pathogen P. 
ramorum. Koch’s postulates were completed to confirm pathogenicity on azalea. To date 
there has not been significant plant mortality on azalea attributed to P. foliorum and this 
species has only been found causing leaf spot symptoms on azalea. Phytophthora 
ramorum is a quarantine pathogen. A nested PCR assay designed to amplify a unique 
portion of the P. ramorum ITS is one of the assays that has been used to screen plant 
material. Alignment of the outer and inner P. ramorum nested PCR primers with the P. 
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foliorum ITS sequence indicates that the corresponding sequences differ by 1 to 2 bases 
for each of the primers in the first and second rounds of PCR. Cross reactivity of this 
newly-described species illustrates one of the risks in using DNA-based diagnostics as 
the sole means of detecting a specific pathogen. 
Short of subsequent restriction digest on the resulting nested amplicon the current P. 
ramorum nested PCR detection assay can lead to false positives and the unnecessary 
destruction of nursery stock thought to be infested with P. ramorum. Ideally, cultures 
should be examined to corroborate DNA-based diagnostic finding with morphological 
characteristics. AFLP genotyping indicated that the isolates of P. foliorum recovered thus 
far in the U.S. have limited genotypic variability (lack of polymorphic fragments). These 
results are expected with a homothallic species. In comparison to P. ramorum, P. 
foliorum generated more markers overall (11 vs. 4), all of which are unique to P. 
foliorum.  
Inconsistencies in phylogenies have been found within the genus Phytophthora 
depending on the molecular region, and the analysis method used (12, 14). To place P. 
foliorum in a current phylogenetic context, we reconstructed the molecular phylogenies 
of Kroon et al., Martin and Tooley, and Cooke et al. with the inclusion of P. foliorum (3, 
12, 14). In all three phylogenies, similar topologies were observed revealing that P. 
foliorum shares a common ancestor with P. ramorum, P. hibernalis and P. lateralis. 
While the topology of the concatenated ß-tub-EF-1 nuclear genes is similar to the coxII 
and ITS trees, bootstrap support and posterior probability clade credibility are lacking for 
P. foliorum’s placement in relation to P. hibernalis (Figure 2-8). Similarly, lack of 
bootstrap support was observed throughout the clade containing P. foliorum in the coxII 
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phylogeny, and in the case of P. foliorum posterior probabilities were low as well (Figure 
2-9). The ITS phylogeny places P. foliorum basal to the clade containing the previously 
mentioned sister taxa (P. ramorum, P. lateralis, and P. hibernalis) with reasonable 
support (Figure 2-10). In total, these results show that P. foliorum is a unique species and 
unlikely a hybrid of two currently known species. All of the species closely related to P. 
foliorum, with exception of P. ramorum, are homothallic supporting the conclusion 
reached by other investigators that homo vs. heterothallism is not a useful characteristic 
for inferring evolutionary relatedness.  
The origin of P. foliorum is not known. At this juncture the threat it may pose to the 
horticultural industry or natural ecosystems is unclear and further research is needed to 
assess potential impacts. In particular, the origin, host range, and survivability in natural 
ecosystems needs to be further elucidated.  
Taxonomy 
Phytophthora foliorum Donahoo & Lamour sp. nov.   
Etym.: foliorum refers to pathogenicity on leaves.   
Species homothallica, oosporas in cultura procerans; oogoniis in medio 33 µm; 
antheridias paragynis.  Sporangiis semipapillatis, in medio 51 x 34 µm.  Sporangiis saepe 
deciduis, cum pedicellulo brevi (<5-20µm).  Temperaturae optima 18-22 oC. 
Incrementum diurnum radiale 3 mm in agaro V8 ad 20C.   
Typus: United States: Tennessee, isol. ex Azalea ‘Pink Ruffles’ in nursery, May 2004,   
K. Lamour, (Isolate 192- holotypus; ATCC (MYA-3638)).   
Species homothallic; oospores abundantly produced in culture. Oogonia not ornamented, 
37µm average diameter (32-43 µm range). Oospores plerotic, spherical, 33 µm average 
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diam. (range 28-38 µm). Antheridia mostly paragynous and usually attached to the 
oogonia next to the oogonial stalk. Growth on cornmeal agar between 3-28 oC.  
Sporangia are semi-papillate and are on average 51 x 34 µm. Sporangia are deciduous 
with short pedicels (<5-20µm). Optimum growth at 18-22 oC at a rate of 3 mm d-1 on V8 
agar.  No chlamydospores produced. Sporangia were only produced in soil extract water 
and rarely, if ever, are produced in culture.   
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CHAPTER 3 
INTERSPECIFIC HYBRIDIZATION AND APOMIXIS BETWEEN PHYTOPHTHORA 
CAPSICI AND P. TROPICALIS 
 43 
Abstract 
Phytophthora capsici and the closely related P. tropicalis infect different hosts that 
have documented overlapping geographical distributions. Phytophthora capsici attacks 
annual vegetable hosts whereas P. tropicalis has been recovered from woody perennial 
hosts. Our objective was to test if interspecific hybridization is possible and to 
characterize the resulting progeny. Crosses were made between P. capsici (LT263) from 
pumpkin to P. tropicalis from rhododendron (LT232) and to P. tropicalis from 
Theobroma cacao (LT12). The wild type isolates were analyzed for mitochondrial and 
nuclear DNA sequence diversity and progeny were tested for mating type (MT), AFLP 
marker profiles, and mitochondrial DNA haplotype (mtDNA type). All oospore progeny 
from LT263 x LT12 were identical to LT263 whereas progeny from LT263 x LT232 
were parental as well as hybrid. Hybrid progeny had either one or the other parent 
mtDNA type and there was no correlation between MT and mtDNA type. Attempts to 
generate an F2 population from the hybrids proved unsuccessful while a backcross to the 
P. capsici parent produced hybrid progeny. These results demonstrate that apomixis may 
play a significant role in species separation and that hybridization between P. capsici and 
P. tropicalis is possible beyond the F1 generation. 
Introduction 
Phytophthora capsici is distributed worldwide and primarily impacts the 
production of annual solanaceous and cucurbitaceous crops (9). Phytophthora tropicalis 
is a more recently described species that includes isolates originally classified as P. 
capsici and isolates that had been re-classified from P. palmivora MF4 (1). The 
separation of P. tropicalis from P. capsici is based on morphological criteria including 
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the shape of the sporangia (narrow vs. wide), production of chlamydospores by most 
isolates, poor to no growth at 35°C and absence of pathogenicity on Capsicum seedlings. 
Most isolates identified as P. tropicalis have been recovered from woody perennial hosts 
including Piper nigrum, Macadamia integrifolia, and Theobroma cacao (1).   
Prior to the description of P. tropicalis, evidence had been provided suggesting 
extensive variation within P. capsici (11). Oudemans and Coffey (1991) used 
morphological criteria and isozymes to classify P. capsici into three subgroups; CAP1 
which were primarily vegetable isolates with some black pepper and cacao isolates and 
those previously referred to as P. palmivora MF4, CAP2 which were primarily P. 
tropicalis isolates from tropical woody plants, and CAP3 which was limited to isolates 
recovered from cacao in Brazil (30). This was later followed by a re-classification of the 
three subgroups where CAP1 was designated CAPA, CAP2 and CAP3 were designated 
CAPB (29). 
Molecular phylogenies for the genus Phytophthora are available using the internal 
transcribed spacer (ITS) of the ribosomal DNA repeat, cytochrome oxidase genes (cox I 
and ii)from the mitochondrial genome, as well as a combination of nuclear and 
mitochondrial regions (20, 28).  While these studies have been helpful in our 
understanding of genus-wide relationships, they include either P. capsici or P. tropicalis; 
however, the two have never been present in the same report. More recently, the two 
closely related species were compared using morphological and molecular approaches 
(6). While the authors found that isolates from tropical and temperate regions may not be 
supported as separate species due to the level of continuity within, they do posit the idea 
that P. capsici possibly arose from P. tropicalis (6). 
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In recent years, vegetable producers in East Tennessee have experienced severe 
losses in pepper and pumpkin from P. capsici and similar problems have been reported 
elsewhere in the United States (3, 19, 22, 33, 36). Molecular analysis of P. capsici 
isolates recovered in Tennessee indicates that isolates are genotypically diverse with both 
the A1 and A2 mating types present at multiple locations. This is consistent with other 
investigations of P. capsici in the US which suggest that P. capsici is completing the 
sexual stage and that crossing is common in field populations (23). Phytophthora 
tropicalis has been isolated from rhododendron and Pieris from nurseries as well as 
natural settings throughout the southeast (17). While it appears that P. tropicalis is 
present in the southeastern US beyond Florida, characterization of continental US 
populations has not been reported (17, 24). Molecular characterization of progeny from 
crosses between isolates of P. capsici and P. tropicalis have not been reported. 
A major objective in our laboratory is to develop resources for genetic and 
genomic investigation of P. capsici. There appear to be fundamental differences in host 
preference between P. tropicalis and P. capsici. Interspecific crosses, if possible, may be 
useful for investigating host preference as well as the elucidation of genetic factors 
involved in the production of chlamydospores. In this study the mitochondrial and 
nuclear diversity of P. capsici and P. tropicalis recovered in Tennessee are compared to 
isolates recovered from diverse hosts worldwide. Additionally, crosses between P. 
capsici recovered from pumpkin and isolates of P. tropicalis recovered from either 
rhododendron or Theobroma cacao were characterized. The primary objective was to 
determine whether interspecific hybridization was possible and to test if it is possible to 
cross isolates beyond the F1. 
 46 
Materials and Methods 
Isolate maintenance and DNA extraction:  The isolates used are listed in Table 3-1. 
Isolates were maintained on V8 juice or clarified V8 juice agar plates amended with 
PARP (25 ppm pimaricin, 100 ppm ampicillin, 25 ppm rifampicin, and 25 ppm 
pentachloronitrobenzene) (9). To produce mycelium for genomic DNA isolation, the 
isolates were grown in V8 broth for one week, the mycelium was lyophilized, and the 
genomic DNA was extracted using the methods described by Lamour and Finley (21). 
Amplified Fragment Length Polymorphism (AFLP):  All isolates in this study were 
genotyped using AFLP.  Reactions contained approximately 100 ng of genomic DNA 
that was digested with EcoRI and MseI restriction enzymes, and ligated to adaptors 
containing the Eco and Mse sequences using T4 ligase (37). Pre-selective reactions were 
performed using no selective nucleotides and selective reactions were performed using 
the E-AC/M-CCC primer. Selective reactions were fluorescently labeled in separate 
reactions with WELLRED D4-PA label, followed by resolution on an automated 
CEQ8000 (Beckman Coulter) capillary electrophoresis apparatus. Details of the AFLP 
process employed are available in Habera et al. (15). The resulting fragments were scored 
manually using the accompanying CEQ software.   
PCR amplification and Sequencing:  The ITS region was amplified using primers ITS4 
and ITS6 as described by Cooke et al. (8). The β-tubulin gene was amplified using 
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Table 3-1.  Summary data for Phytophthora capsici and P. tropicalis isolates including 
host, origin and Genbank accession numbers 
Isolate ID Host Origin ITS B-tubulin OPDC coxII 
P. capsici            
LT4, P1950 Capsicum annuum France  EF617378  EF617437 EF617412 EF623877 
LT5, P0412 Piper  nigrum Guatemala  EF617391 EF617438 EF617413 EF623878 
LT11, P1985 Capsicum annuum Mexico  EF617379 EF617425  EF617399  EF623864 
LT13, P1949 Capsicum annuum France  EF617382  EF617427  EF617401 EF623866 
LT19, P0734, ATCC46707 Theobroma  cacao El Salvador  EF617392 EF617428 EF617402 EF623867 
LT22, P0254, ATCC46701 Theobroma  cacao Mexico  EF617393 EF617429 EF617404  EF623869 
LT24, P1951, ATCC64808 Capsicum annuum Yugoslavia EF617374  EF617430 EF617405 EF623870 
LT25, P1982 Solanum lycopersicum USA CA EF617375 EF617431 EF617406 EF623871  
LT26, P1981 Solanum lycopersicum USA CA EF617380 EF617432 EF617407 EF623872 
LT31, P1953 Solanum  melongena France  EF617398 EF617434 EF617409 EF623874 
LT34, P6322 Cucurbita maxima Brazil   - EF617435 EF617410 EF623875  
LT38, P0782, ATCC46746 Theobroma  cacao Cameroon EF617394 EF617436 EF617411 EF623876 
LT51, CBS 121656 Cucumis  sativus USA MI EF617376 EF617439 EF617414 EF623879 
LT77, P1319 Capsicum annuum USA CA EF617381 EF617440 EF617415 EF623880 
LT123 Cucumis sativus USA MI EF617384  EF617426 EF617400 EF623865 
LT263, CBS 121657 Cucurbita  pepo USA TN EF617377  EF617433 EF617408 EF623873 
LT2142 Capsicum annuum Peru EF617382    EF617403 EF623868 
P3605, CBS128.23 Capsicum annuum USA NM DQ464056       
IMI352321 Piper nigrum India AF266787       
IMI304412 Theobroma  cacao   AF467084a       
IMI325900 Theobroma  cacao Cote d’Ivoire AF467083a       
IND44   India AF467085a       
P. tropicalis       
LT12, P7125 Theobroma  cacao Mexico  EF617385 EF617441 EF617416 EF623881  
LT14, P1195 Theobroma  cacao Mexico  EF617386 EF617442 EF617417 EF623882 
LT23, P0575, ATCC58208 Theobroma  cacao Mexico  EF617387 EF617443 EF617418 EF623883 
LT29, P0622, ATCC46703 Theobroma  cacao Brazil  EF617395 EF617445 EF617421 EF623885    
LT32, P1967 Macadamia integrifolia USA HI EF617388 EF617446 EF617420 EF623886  
LT35, P0630 Theobroma  cacao Brazil  EF617396 EF617447 EF617422 EF623887 
LT37, P0623 Theobroma  cacao Brazil  EF617397 EF617448 EF617423 EF623888 
LT232, CBS 121658 Rhododendron spp USA TN EF617389 EF617444 EF617419 EF623884 
LT722 Rhododendron spp USA TN EF617390 EF617449 EF617424 EF623889 
P10392, CBS434.91     DQ464057       
H352 Theobroma  cacao New Guinea  AY208125b       
H213 Leucospermum spp USA HI AY207010b       
H778-1 D. caryophyllus USA HI AJ299734c       
66 Cyclamen persicum Germany  AJ299733c       
SCRP730 Cuphea ignea Italy DQ118649 d       
aSequence from Appiah et al 2004, bSequence from Zhang et al 2004, cSequence from Gerlach et al 2001, dSequence from Cacciola et 
al 2006 
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primers TUBUF1 and TUBUR2 as described in Kroon et al. (20). A third nuclear coding 
region Ura3 Orotidine-5'-phosphate decarboxylase was amplified using the following 
primer pair Ura3_F (dCAGGCCGGCGTTAAAGAAGTACGG) and Ura3_R 
(dCTTCTGGATGCCAAGCGTGGAGAC). Amplification reactions consisted of 10X 
PCR reaction buffer (ABgene cat. AB-0242) forward and reverse primers at 10 μM, 20-
50 ng of template DNA and 0.6 units Taq using the following cycling parameters: one 
cycle of 95°C for 2 min, 35 cycles of denaturing at 95°C for 30 sec, annealing at 60°C for 
30 sec, extension at 72°C for 45 sec with a final extension at 72°C for 7 min. The 
mitochondrial region used for phylogenetic analysis included the cox II and spacer (28). 
A 1.0 kb amplicon was amplified using primers FM35, FM Phy-10b according to the 
methods described online at (www.phytopthoradb.org). All templates for sequencing 
were column purified using a PCR purification kit (Qiagen Inc. Valencia, CA). Purified 
PCR amplicons were directly sequenced in both directions using the same primers for 
amplification on an ABI 3300 genetic analysis capillary electrophoresis apparatus at the 
University of Tennessee’s Molecular Resource Facility. Trace files were manually edited 
using CodonCode Aligner v 1.6 (CodonCode St. Louis, MO).   
DNA Melting Analysis (DMA):  Mitochondrial inheritance in the F1 progeny was 
tracked using high-resolution DNA melting analysis (16, 39). Primers were designed to 
amplify a 200 bp amplicon containing three polymorphic nucleotides between the 
parental isolates LT263 and LT232 in the coxI region. The PCR reaction mixture 
consisted of 4 µl LCGreen (Idaho Technologies, Salt Lake, UT), 1 µl Cox_1Fwd 
(dCCACCCCATAAAGTAGCTAACC), 1 µl 
Cox_3Rev(dCAAGTTTCTGCAGCTTTTGCT), and 4 µl of template DNA of a 
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concentration ranging from 5- 20 ng/µl. The reactions were covered with mineral oil 
(BioRad Laboratories, Hercules, CA), amplified in hard-shell PCR plates (Bio-Rad 
Laboratories, Hercules, CA) and sealed with Microseal ‘B’ film (Bio-Rad Laboratories, 
Hercules, CA) using the following cycling parameters: 95°C for 5 min, 45 cycles of 
denaturing at 95°C for 30 sec, annealing at 74°C for 30 sec, extending  at 72°C for 30 sec 
with a final extension at 72°C for 5 min. Upon completion the reactions were subjected to 
melting analysis using a light scanner instrument (Idaho Technologies, Salt Lake City, 
UT). Melting profiles were analyzed using the accompanying software with the default 
settings. Reactions were done twice.  
Parsimony Analysis:  Independent phylogenetic analyses were conducted upon the ITS 
region, the concatenated nuclear genes, and the concatenated cox II and spacer, using the 
parsimony criterion implemented in PAUP 4.0b10 (34). All characters were treated as 
unordered. Trees were constructed by a heuristic search with tree bisection–reconnection 
(TBR) branch swapping in a random stepwise addition of taxa repeated 1000 times. 
Maxtrees was set to increase incrementally. Node support was evaluated by 
nonparametric bootstrap re-sampling (10). Bootstrap scores were calculated from 1000 
replicates, with each replicate consisting of three searches starting with a tree built by 
stepwise addition using the simple addition sequence. For the ITS analysis Pythium 
aphanidermatum AF271227 was used as the out-group. The additional P. capsici and P. 
tropicalis ITS sequences obtained from Genbank are listed in Table 3-1. Nuclear 
sequences for P. sojae, P. ramorum, and P. infestans were obtained from 
(phytophthora.vbi.vt.edu) and 
(broad.mit.edu/annotation/genome/phytophthora_infestans/Home.html ) respectively. 
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The sequences were concatenated and aligned as below and served as outgroups in the 
nuclear phylogeny Although all sequences generated for this study were of equal length, 
the outgroup Pythium aphanidermatum differed in length and required alignment which 
was done using CLUSTALX (35). Partial sequences for both β-tubulin (35-760) and 
Ura3 (23-645) were concatenated (β-tub/Ura3) so that the resulting sequence was one 
contiguous ORF. 
Bayesian Analysis:  Bayesian Markov chain Monte Carlo (MCMC) phylogenetic 
analysis was conducted with MrBayes 3 (32) using the models and parameters suggested 
for each data matrix by Modeltest (31). Each Markov chain in the Bayesian search was 
started from a random tree and run for 2 x106 cycles, sampling every 100th cycle from 
the chain. Four chains were run simultaneously, three hot and one cold. Each simulation 
was run twice and the default settings for the priors on the rate matrix (0-100), branch 
lengths (0-10), and proportion of invariant sites (0-1) were used. Stationarity of the sum 
of the natural log of the likelihoods of the trees in each of the four chains weighted 
according to the temperatures of the chains was evaluated by monitoring likelihood 
values graphically. The initial 100 trees in each run were discarded as burn-in. The 
remaining trees were used to construct majority rule consensus trees. Bayesian posterior 
probabilities for each clade were derived from trees remaining after the discarding the 
burn-in samples. For ease of visual comparison to bootstrap values, we present these 
probabilities as whole numbers ranging from 0-100. Posterior probabilities greater than or 
equal to 95% are generally regarded as strong support for a clade’s existence (38).  
Oospore production and germination:  All of the isolates were derived from single 
zoospores or generated from single hyphal-tips. The interspecific crosses (LT263 x LT12 
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and LT263 x LT232) were performed by placing isolates of opposite mating type across 
from one another on V8 agar plates. The plates were wrapped with parafilm, and 
incubated in darkness at 25 ºC for at least two months. Additional crosses were then 
made between siblings from the F1 (LT1723 x LT1737) and back to the P. capsici parent 
(LT1723 or LT1717 x LT263) in the same manner. 
The surface area from the center of the mated pairs was scraped and the mycelium 
placed in a 50-ml falcon tube containing 20 ml sterile H2O. The suspension was 
homogenized with a tissuetearor® (Fisher Scientific Inc, Hampton, NH) at 30,000 rpm for 
one to two minutes or until no visible clumps remained. The resulting suspension was 
filtered through a single layer of sterile Kimwipe® (Kimberly Clark, Dallas, TX) into a 
clean 50-ml falcon tube. The filtered suspension was treated with Trichoderma 
harzianum lysing enzymes (Sigma Aldrich, St Louis, MO), at a concentration of 1mg/ml. 
The enzyme-treated oospore suspension was then rotated at 25 rpm on a Minilab Roller® 
(Labnet Int., Edison, NJ) for 16-20 hours. Following the overnight enzyme treatment 
aliquots were taken from the suspension and inspected for the presence of hyphal 
fragments and/or sporangia. The oospore concentration was estimated by counting the 
number of oospores in ten 1-µl droplets. Oospores suspensions were diluted and arrayed 
into 384-well plates containing 50 µl V8 broth to a final concentration of one 
oospore/well. Wells exhibiting growth within three to five days were transferred to water-
agar plates and hyphal-tipped subcultures were transferred to V8 agar. Upon completion 
of this process, isolate IDs were assigned. 
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Results 
AFLP and Phylogenetic analyses:  AFLP analysis placed the P. capsici and P. 
tropicalis into two species-specific clusters (Figure 3-1). Analysis using nuclear and 
mitochondrial sequences supported primarily two, but in some cases three, clades similar 
to those resolved using AFLP (Fig.’s 3-1, 3-2, and 3-3). For the ITS sequence, the 
isolates of P. capsici were consistently placed in a clade containing the CBS128.23 P. 
capsici type isolate (Figure 3-2). In addition, there were four isolates (LT5, LT19, LT22, 
and LT38) recovered from perennial hosts in tropical regions, indicating that isolates of 
P. capsici are not found exclusively on annual vegetable hosts. A second major clade 
contained all but three of the remaining isolates, including the CBS434 P. tropicalis type 
isolate. All of these isolates were recovered from woody perennial hosts. Finally, three 
isolates recovered from cacao in Brazil (LT29, LT35, LT37) grouped discretely in a 
separate clade. The concatenated β-tubulin and Ura3 sequences produced similar results 
with discrete clades containing Brazilian cacao isolates, P. tropicalis, and P. capsici.  The 
distinct clades were well supported by bootstrap and posterior probability (Figure 3-3).   
Analysis of the cox II region revealed five mtDNA haplotypes. The haplotypes 
were specific to the clades resolved using the nuclear sequences described above. One 
haplotype defined all of the P. capsici isolates recovered from annual vegetable hosts. A 
second haplotype, exhibiting synonymous substitutions at positions 510 and 513  
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Coefficient
0.54 0.65 0.77 0.88 1.00
LT22_12-222_0704MW
P. capsici 22 Mexico cacao
P. capsici 19 El Salvador cacao
P. capsici 5 Guatemala piper
P. capsici 38 Cameroon cacao
P. capsici 77 USA CA capsicum
P. capsici 26 USA CA tomato
P. capsici 13 France capsicum 
P. capsici 25 USA CA tomato
P. capsici 31 France eggplant
P. capsici 4 France capsicum
P. capsici 34 Brazil squash
P. capsici 263 USA TN pumpkin
P. capsici 51 USA MI cucumber
1715 F1 hybrid 263 x 232
1723 F1 hybrid 263 x 232
1760 F1 hybrid 263 x 232
1699 F1 hybrid 263 x 232
1769 F1 hybrid 263 x 232
1752 F1 hybrid 263 x 232
1717 F1 hybrid 263 x 232
2579 BC 263 x 1717 
2577 BC 263 x 1717 
2575 BC 263 x 1717 
2573 BC 263 x 1717 
2576 BC 263 x 1717 
2574 BC 263 x 1717 
2582 BC 263 x 1717 
2589 BC 263 x 1717 
2585 BC 263 x 1717 
2580 BC 263 x 1717 
2572 BC 263 x 1717 
2583 BC 263 x 1717
2578 BC 263 x 1717 
2581 BC 263 x 1717 
1739 F1 hybrid 263 x 232
P. tropicalis 29 Brazil cacao
P. tropicalis 37 Brazil cacao
P. tropicalis 35 Brazil cacao
2571 BC 263 x 1717 
2584 BC 263 x 1717 
P. tropicalis 32 USA HI macadamia
P. tropicalis 14 Mexico cacao
P. tropicalis 12 Mexico cacao
P. tropicalis 23 Mexico cacao
P. tropicalis 232 USA TN rhododendron
 
 
Figure 3-1.  AFLP similarity tree based on 69 AFLP markers using selective primer 
combination E-AC, M-CCC.  Phytophthora capsici isolates clustered at the 
top and P. tropicalis isolates cluster at the bottom with progeny isolates 
clustering between.   
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Figure 3-2.  Phylogenetic relationships of Phytophthora capsici and P. tropicalis using 
ITS sequence data.  Tree topology inferred using maximum parsimony via 
heuristic search resulting from 50% majority rule consensus of 1000 trees.  
Parsimony bootstrap scores and Bayesian posterior probability are presented 
above and below nodes respectively.  Tree length = 288, consistency index 
(CI) = 0.9618, homoplasy index (HI) =0.0382, and retention index (RI) = 
0.8842. 
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P. infestans
P. tropicalis 232 USA, TN  rhododendron
P. tropicalis 722 USA, TN  rhododendron
P. tropicalis 32 USA, HI  macadamia
P. tropicalis 12 MEX  cacao
P. tropicalis 14 MEX  cacao
P. capsici 19 ELS  cacao
P. capsici 25 USA, CA  tomato
P. capsici 5 GUA  black pepper
P. capsici 22 MEX  cacao
Pythium myriotylum
P. sojae
P. ramorum
P. tropicalis 29 BRA  cacao
P. tropicalis 35 BRA  cacao
P. tropicalis 37 BRA  cacao
P. tropicalis 23 MEX  cacao
P. capsici 38 CAM  cacao
P. capsici 123 USA, MI  cucumber
P. capsici 77 USA,CA  bell pepper
P. capsici 2142 PER  bell pepper
P. capsici 4 FRA  bell pepper
P. capsici 13 FRA  bell pepper
P. capsici 263 USA, TN  pumpkin
P. capsici 51 USA, MI  cucumber
P. capsici 31 FRA  eggplant
P. capsici 26 USA, CA  tomato
P. capsici 24 YUG  bell pepper
P. capsici 34 BRA  pumpkin
P. capsici 11 MEX  bell pepper
100 
100 
75 
71 
81 
100 
99 
87 
99 
100 
97 
100 
100 
100 
99 
98 
93 
87 
 
 
Figure 3-3.  Phylogenetic relationships of Phytophthora capsici and P. tropicalis using 
concatenated partial β-tub/Ura3 sequence data.  Tree topology inferred using 
maximum parsimony via heuristic search resulting from 50% majority rule 
consensus of 1000 trees.  Parsimony bootstrap scores and Bayesian posterior 
probability are presented above and below nodes respectively.  Tree length = 
769, consistency index =0.1261, (CI) = 0.8739, homoplasy index (HI) =0.126 
and retention index (RI) = 0.8259. 
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compared to the annual vegetable mitochondrial type, contained isolates (LT5, LT19, 
LT22, LT38) from perennial hosts in tropical regions. A third haplotype defined the P. 
tropicalis isolates. The cox II for P. tropicalis isolates (LT232 and LT722) from 
Tennessee revealed two additional synonymous substitutions at positions 138, and 439 
giving a fourth mtDNA haplotype. The fifth mitochondrial haplotype defined the 
Brazilian cacao isolates (LT29, LT35, and LT37) which varied from the P. tropicalis by a 
non-synonymous substitution at position 124 and four synonymous substitutions at 
positions 138, 240, 447 and 645. Overall, analysis of cox II revealed two P. capsici 
haplotypes, and three P. tropicalis haplotypes. 
Characterization of Oospore progeny:  Eighty single oospore progeny were recovered 
from the cross between isolates LT263 and LT12. AFLP analysis revealed that all of the 
isolates had multi-locus genotypes identical to the LT263 P. capsici parent and that none 
were the products of hybridization or self-fertilization. Oospores appeared normal upon 
microscopic observation and germination was indistinguishable from that observed with 
intraspecific crosses. Colony morphology and compatibility types for the oospore 
progeny were identical to the LT263 isolate. 
 Ninety-one single oospore progeny were recovered from the cross between 
isolates LT263 and LT232. The P. tropicalis parent (LT232) produced abundant 
chlamydospores which were not destroyed during the mechanical or chemical treatment 
of the oospores. AFLP analysis revealed a total of 40 recombinant hybrid F1 progeny 
(Figure 3-4). Of the remaining isolates, two were of the LT263 genotype and 33 were of 
the LT232 parental isolate genotype. Approximately 20% of the hybrid progeny  
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Figure 3-4. Electropherograms of AFLP profiles as observed in CEQ 8000 (Beckman).  
Hybrid isolates exhibit a multiple markers present in both parental species. 
  
P. tropicalis 
F 1 hybrid 1717
F 1 hybrid 1723
P. capsici 
LT263  
P. tropicalis 
LT232 
F1 Hybrid
LT 1717 
F1 Hybrid
LT 1723 
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recovered was the A2 compatibility type. Chlamydospores were produced in 25% of the 
progeny and only in those isolates found to be A1 mating type. Direct sequencing of a 
600 bp portion of the β-tubulin gene containing 11 fixed nucleotide substitutions between 
the parents confirmed that the isolates were products of hybridization (Figure 3-5). DNA 
melting analysis of the coxI region for 29 of the progeny generated 16 profiles matching 
that of the P. capsici parent, and 13 matching the P. tropicalis parent. No hybrid profiles 
were observed. Of the 16 hybrids with P. capsici mtDNA there were 11 A1, four A2, and 
one sterile and for those isolates with the P. tropicalis mtDNA there were 10 A1 and one 
A2 isolates indicating no correlation between mating type and mitochondrial haplotype. 
 In an attempt to generate an F2 progeny set, F1 hybrid isolates LT1723 x LT1737 
were crossed and 94 oospore progeny were recovered. AFLP analysis indicated that all of 
the progeny had identical profiles to parental isolate LT1737. To be certain that these 
parental clones were coming from oospores and not some other source (e.g. sporangia or 
hyphal fragments) we hand picked eight germinating oospores using a Pasteur pipette as 
previously described. AFLP analysis of these isolates confirmed that mature germinating 
oospores were producing clonal parental type isolates and that none were the products of 
crossing or selfing.  
Two backcrosses were analyzed, LT263 x LT1717 and LT263 x LT1723. For the 
LT263 x LT1723 cross, 24 oospore progeny were recovered of which 18 had identical 
AFLP profiles to LT263 and 3 had identical profiles to LT1723 indicating that none of 
the oospore derived isolates were the products of recombination. All 66 oospore progeny 
recovered from the LT263 x LT1717 cross were hybrid. 
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Figure 3-5. Trace electropherograms from a region of the Beta-tubulin gene illustrating 
fixed differences between parental species that result in heterozygous sites in 
the F1 progeny. 
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Discussion 
Our results strongly support the separation of P. capsici and P. tropicalis into separate 
species. Three well supported clades were consistently resolved evoking the possibility 
that isolates recovered from cacao in Brazil may be worthy of their own designation. 
Similar observations were made in terms of the tropical isolates group D in the study of 
Bowers et al.(2007), initially observed by Oudemans and Coffey (6, 30). There were 
fixed nucleotide differences approximately every 50 bases across the 1750 
nuclear bases assayed and much like the sympatric  P. infestans and P. mirabilis, 
P. capsici, and P. tropicalis should be regarded as sibling species (13). Although most of 
the P. capsici isolates are from annual vegetable hosts and most of the P. tropicalis 
isolates are from woody perennial hosts there is no absolute separation between P. 
tropicalis and P. capsici based on morphological criteria, host preference, or 
geographical origin.  
Despite their evolutionary separation, our results indicate that P. tropicalis is able 
to successfully hybridize with P. capsici and that the hybrid progeny are fertile with P. 
capsici. In a study using eight interspecific crosses, Boccas found one potential hybrid 
out of 220 single oospore derived isolates and concluded that hybridization is unlikely to 
occur in the genus (4). It is interesting that the parents of his single putative hybrid were 
P. capsici and P. palmivora recovered from cacao and that based on the morphological 
similarity of these isolates the P. palmivora involved may have actually been an isolate of 
P. tropicalis (4). The ability to generate F1 hybrids from P. capsici and P. tropicalis is 
likely facilitated by their close phylogenetic relationship. Other studies characterizing 
naturally occurring Phytophthora hybrids indicate that parental isolates are 
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phylogenetically related (5, 18, 25). Two attempts in generating an F2 progeny from the 
F1 hybrid population failed, but additional crosses may yield successful F2 progeny. 
In addition to hybridization, our results indicate that apomixis plays a significant 
role in these wide crosses. All of the oospore progeny recovered from the cross between 
P. capsici isolate LT263 and P. tropicalis isolate LT12 had AFLP profiles identical to 
that of the P. capsici parent. Similarly, when the hybrid F1 progeny LT1723 was 
backcrossed to the P. capsici parent the progeny AFLP profiles were exact (clonal) 
copies of one or the other parent isolate. Recovery of parental types from oospore 
progeny has been reported for P. infestans x P. mirabilis F1 hybrids and was also 
considered to result from apomixis (13). Non-recombinant oospore progeny have been 
obtained with other species and were regarded as the products of self-fertilization 
although very few markers were available for these studies (4, 7). It will be interesting to 
see if additional crosses using different P. tropicalis x P. capsici parental isolates produce 
similar results or if the production of apomictic progeny is associated with this particular 
P. capsici isolate (LT263). Apomixis may contribute to reproductive isolation in P. 
capsici and P. tropicalis as is suggested for P. infestans and P. mirabilis (13).   
DNA melting analysis of mtDNA revealed both P. capsici and P. tropicalis ‘cox I 
types’ in the F1 hybrids. Likewise, both A1 and A2 mating types were found to have both 
mtDNA types. This is in contrast to a report using protoplast fusions suggesting that 
mitochondrial DNA controls mating type (14). Analysis of mitochondrial DNA from 
natural hybrids of P. cactorum and P. nicotianae revealed exclusively P. nicotianae 
mtDNA (26). Similarly, eight of nine hybrids derived from P. cactorum and P. 
hedraiandra were found to have the P. hedriandra mtDNA while one was found to 
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contain the P. cactorum mtDNA (25). In crosses between P. infestans and P. mirabilis 
the hybrid isolates had mitochondria from one or the other parent (12). Since 
mitochondrial inheritance is thought to occur through the oogonium (e.g. carried with the 
cytoplasm) our results suggest that both isolates were bisexual contributing both 
antheridial and oogonial gametangia. 
Whether or not P. tropicalis disseminated via the nursery trade will hybridize 
with P. capsici on vegetables in the continental U.S. awaits to be seen. Under optimal 
laboratory conditions the P. capsici and P. tropicalis parental isolates used here were able 
to infect detached rhododendron leaves and bell pepper fruit (data not shown) and in 
theory, hybridization in a field setting is possible. Hybridization between P. cactorum 
and P. nicotianae appears to occur frequently in a variety of settings around the world (2, 
26, 27).  More recently reports from the Netherlands reveal the interspecific hybridization 
of P. cactorum with P. hedriandra causing diseases on new hosts (25). Analysis of P. 
capsici and P. tropicalis isolates in Tennessee (including about 500 isolates of P. capsici 
and 10 isolates of P. tropicalis over the past four years) have not revealed isolates with 
AFLP profiles indicative of hybridization occurring naturally. 
The successful cross between P. tropicalis and P. capsici has value beyond the 
knowledge that hybridization is possible. The successful backcross between the hybrid 
progeny and the P. capsici parent involves the introgression of a massive number of 
unique SNP markers into the wild-type P. capsici genome. The introgressed variation is 
valuable for developing fine scale molecular mapping capabilities and is also likely to 
contain much of the variation that is responsible for the distinct host preferences between 
the two species. Additional crosses and a detailed analysis of the pathogenicity/virulence 
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characteristics for the progeny may provide novel opportunities to identify the genetic 
factors controlling host preference for these closely related species. 
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CHAPTER 4 
CHARACTERIZATION OF PHYTOPHTHORA SPECIES FROM LEAVES OF 
NURSERY WOODY ORNAMENTALS IN TENNESSEE 
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Abstract 
Species of Phytophthora are ubiquitous in ornamental production resulting in 
significant crop losses, particularly in continuous monoculture. In Tennessee, as part of 
the national surveys for the Sudden Oak Death pathogen Phytophthora ramorum led to 
the isolation of Phytophthora species causing disease in nursery grown and/or handled 
woody ornamentals. Isolates recovered were identified to species using direct sequencing 
of the internal transcribed spacer (ITS) and examination of morphological characters. Six 
known species, (P. cactorum, P. citricola, P. citrophthora, P. nicotianae, P. palmivora, 
P. tropicalis) and one newly described species, (P. foliorum) were recovered from 
ericaceous hosts. The most common species recovered were P. citricola and P. 
citrophthora. Genetic analysis using amplified fragment length polymorphism (AFLP) 
markers revealed genotypic diversity within species as well as isolates with identical 
AFLP genotypes from multiple locations across multiple years. This work provides 
evidence for species and genotypic diversity of Phytophthora recovered in Tennessee as 
well as insight into it’s survival and movement in woody ornamental production. 
Introduction 
US commercial nursery sales are valued at $147.8 billion annually (17). 
Southeastern states account for 10 percent of this value (17). Ericaceous hosts, such as 
azalea, pieris, and rhododendron offer nurserymen attractive high value crops. Whether 
produced in ground beds or containers these hosts are susceptible to at least nine species 
of Phytophthora (10, 39). Phytophthora cinnamomi, P. cactorum, P. cryptogea, P. 
lateralis, P. megasperma, P. gonapodyoides have been reported to cause root rot (10, 19, 
39). Species causing twig blight symptoms include P. cactorum, P. cambivora, P. 
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citricola, P. citrophthora, P. nicotianae and P. ramorum (3, 22, 34, 39). Those causing 
leaf spot and/or isolated from leaves include P. citricola, P. citrophthora, P. foliorum, P. 
ramorum, P. syringae, and P. tropicalis (13, 20, 39). Since the identification and federal 
regulation of the Sudden Oak Death pathogen P. ramorum, there have been a number of 
monitoring efforts put in place including nationwide surveys of nurseries and surrounding 
forested areas (32, 36, 39).  
Nursery production facilities with densely grown plants, intensive cropping at the 
same site, movement of nursery stock and use of recycled irrigation water provide 
multiple opportunities for infection by Phytophthora species (31). Irrigation water used in 
horticultural production facilities is routinely collected to reduce environmental effects 
and overall production costs (4, 26). Phytophthora species produce lemon-shaped 
sporangia in the presence of high moisture and/or free water that can be dispersed directly 
or can release motile zoospores (4, 26, 37). Free water significantly contributes to the 
dispersal of Phytophthora species and irrigation sources can serve as reservoirs for 
species like P. cactorum, P. cinnamomi, P. citricola, P. citrophthora, P. cryptogea, P. 
megasperma, P. nicotianae, P. syringae,  and P. tropicalis (20, 28, 40). Recovery of P. 
citrophthora and P. citricola has been demonstrated to fluctuate seasonally in production 
facilities (28).   
To date, there have been few reports or characterization of Phytophthora species 
recovered from nursery hosts in the state of Tennessee. During 2004 and 2005, the 
following species of Phytophthora were recovered from ericaceous hosts while testing 
leaves from Tennessee nurseries for the Sudden Oak Death pathogen: P. cactorum, P. 
citricola, P. citrophthora, P. nicotianae, P. tropicalis and P. foliorum sp. nov. (8). 
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Phytophthora species produce specialized structures allowing for their survival and 
spread including a thick-walled sexual spore (oospore), a thick-walled asexual spore 
(chlamydospore), and an asexual sporangium capable of undergoing cleavage resulting in 
multiple motile zoospores. The production of oospores can require the interaction of two 
mating types for some species (heterothallism) (e.g. P. nicotianae, and P. tropicalis), may 
be accomplished with a single isolate (homothallism) (e.g. P. cactorum, P. citricola, and 
P. foliorum), or may be entirely absent (e.g. P. citrophthora).  
Identification of Phytophthora to the species level was traditionally based on 
morphological characters. More recently a variety of nuclear and mitochondrial gene 
sequences have been used to support, refine, and in some cases, expand the species 
definitions in the genus. The internal transcribed spacer (ITS) has proven an invaluable 
tool in Phytophthora species identification (7, 34). ITS sequence data, while useful for 
distinguishing species, is too conserved to resolve diversity within a species (24, 34). A 
variety of genetic tools have been used to characterize the diversity of Phytophthora  
isolates within species including isozymes, restriction fragment length polymorphisms 
(RFLP’s), random amplified polymorphic DNA (RAPD) markers, microsatellites, and 
amplified fragment length polymorphism (AFLP) markers (2, 12, 15, 23, 30, 35, 38). 
Here we describe the diversity of Phytophthora isolates recovered from ericaceous hosts 
at nurseries throughout the state of Tennessee using a combination of DNA and 
morphological based approaches.  Our goal was to document the presence of 
Phytophthora species in Tennessee nurseries and to examine the potential mechanisms 
for dispersal. 
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Materials and Methods 
Fungal Cultures:  Isolates used in this study are listed in Table 4-1. All cultures were 
obtained from leaf samples of azalea, pieris, or rhododendron during the summers of 
2004 and 2005. Leaves were collected as part of the Tennessee survey for the Sudden 
Oak Death pathogen Phytophthora ramorum. Leaf tissue from the edge of foliar lesions 
was plated on corn meal agar, (CMA; Sigma, St Louis, MO) amended with PARP (25 
ppm pimaricin, 100 ppm ampicillin, 25 ppm rifampicin and 25 ppm 
pentachloronitrobenzene) or V8 juice agar (V8A) (840 ml of distilled water, 163 ml of 
V8 juice, 3g of CaCO3, and 16 g of Bacto agar) amended with PARP (10). Cultures were 
subsequently hyphal-tipped to ensure single isolates. Hyphal-tipping was accomplished 
by growing each culture on water agar and then sub-culturing a single hyphae from the 
expanding margin of the culture. Cultures were incubated in the dark at room temperature 
for 7-10 days and then examined microscopically. Cultures were maintained on V8A 
PARP and were stored long-term at room temperature (25ºC) as colonized agar discs of 
V8A in sterile water containing two autoclaved hempseeds (5, 10). Sporangial production 
was induced by culturing isolates on V8A plates under ambient lighting. Heterothallic 
species were paired with Phytophthora capsici tester isolates CBS 121656 (A1) or CBS 
121657(A2) and incubated in the dark for 7-14 days. Oospore production and mating type 
was determined by preparing a ‘squash mount’ and observing under a light microscope.  
Mefenoxam sensitivity was assessed by placing a 7-mm agar plug from a 1-week-
old, hyphal-tipped derived culture on one 100 x 15-mm plate of V8 agar and two 100 x 
15-mm plates of V8A amended with 100 ppm mefenoxam (Ridomil Gold EC).  
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Table 4-1.  List of Phytophthora species, their identifiers, host of origin, location, year 
recovered, and observed AFLP cluster group/fingerprint type 
Species/Isolate Host Location Year AFLP fingerprint type 
P. citricola     
LT194 Pieris N1 2004 B     genotype-4 
LT197 Pieris N1 2004 B 
LT200 Rhododendron N1 2004 A     genotype -2 
LT201 Pieris N1 2004 A     genotype -2 
LT202 Rhododendron N1 2004 B     genotype -4 
LT204 Rhododendron M1 2004 A 
LT205 Rhododendron M1 2004 B 
LT207 Rhododendron M2 2004 A 
LT216 Rhododendron F1 2004 A 
LT217 Rhododendron M3 2004 A 
LT220 Rhododendron M3 2004 A     genotype -1 
LT223 Rhododendron M4 2004 A     genotype -1 
LT225 Rhododendron N2 2004 A     genotype -3 
LT230 Rhododendron N2 2004 A 
LT231 Rhododendron M3 2004 A 
LT235 Azalea D1 2004 A 
LT236 Rhododendron C1 2004 A     genotype -3 
LT729 Rhododendron K3 2004 A     genotype -1 
LT1334 Rhododendron B1 2005 A 
LT1335 Rhododendron M1 2005 A 
P. citrophthora     
LT193 Pieris C2 2004 B     genotype -P2 
LT195 Pieris C2 2004 A     genotype -P1 
LT203 Pieris C3 2004 A 
LT209 Rhododendron C4 2004 B     genotype -P4 
LT211 Rhododendron U1 2004 A     genotype -P1   
LT212 Rhododendron P1 2004 B 
LT213 Rhododendron B1 2004 A 
LT218 Rhododendron D1 2004 B     genotype -P4 
LT219 Pieris M3 2004 A 
LT221 Rhododendron F1 2004 A 
LT222 Rhododendron N2 2004 A 
LT227 Pieris M3 2004 A 
LT228 Rhododendron S1 2004 A 
LT233 Rhododendron C5 2004 A 
LT726 Pieris K3 2005 A 
LT727 Pieris K3 2005 A 
LT732 Pieris M5 2005 B     genotype -P3 
LT733 Pieris M5 2005 B     genotype -P3 
LT734 Pieris M5 2005 B     genotype -P2 
LT735 Pieris M5 2005 B      
LT737 Pieris M5 2005 B      
LT740 Pieris M5 2005 A 
LT1273 Pieris C6 2005 B 
LT1337 Rhododendron M1 2005 B 
LT 1383 Rhododendron N1 2005 A 
LT1384 Pieris C2 2005 A 
P. nicotianae     
LT210 Rhododendron H1 2004 genotype -nic1 
LT221 Rhododendron F1 2004  
LT723 Pieris O1 2005 genotype –nic2 
LT724 Azalea L1 2005 genotype –nic2 
LT738 Azalea G1 2005  
LT742 Azalea K3 2005 genotype –nic2 
LT745 Azalea S1 2005 genotype –nic1 
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Table 4-1. (continued) 
 
Species/Isolate Host Location Year AFLP fingerprint type 
P. tropicalis     
LT208 Rhododendron A1 2004 genotype –trp1 
LT232 Rhododendron M4 2004 genotype –trp1 
LT234 Rhododendron S1 2004  
LT722 Pieris O1 2005 genotype –trp1 
LT728 Rhododendron K3 2005 genotype -trp2 
LT739 Pieris G1 2005  
LT743 Pieris K2 2005  
LT744 Pieris K3 2005 genotype -trp2 
P. cactorum     
LT196 Rhododendron E1 2004 genotype –cac 
LT198 Rhododendron E1 2004 genotype –cac 
LT1262 Azalea M6 2005 genotype –cac1 
P. foliorum      
192 Azalea M6  2004 genotype -fol1 
1261 Azalea M6 2005 genotype -fol1 
P. palmivora     
736 Rhododendron M7 2005  
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Plates were incubated at 23-25°C for 3 days, and colony diameters were measured. 
Isolate growth on mefenoxam amended media compared to control media was classified 
as sensitive (S, <50% of the control), or insensitive (I, >50% of the control) (14, 25).   
DNA extraction and Genotyping: Mycelium was grown in V8-PARP broth, 
lyophilized, and genomic DNA was extracted using Qiagen’s DNeasy Plant Mini-kit 
(Valencia, CA). Genomic DNA from all 67 isolates was subjected to amplified fragment 
length polymorphism, (AFLP). AFLP was performed using EcoRI, and MseI restriction 
enzymes, adapters, and primers as described previously (38). Selective amplifications 
were done using Eco-AC + Mse-CCC and Eco-AC + Mse-CA primer pairs. Reactions 
were diluted and labeled in a separate reaction as described previously (16). 
Fluorescently labeled products were resolved on a Beckman-Coulter CEQ8000 capillary 
genetic analysis instrument (Fullerton, CA, USA). Fragments were confirmed visually 
and transformed into a binary matrix (1-present, 0-absent). The resulting matrix was 
analyzed with unweighted pair-group method with arithmetic mean (UPGMA) as 
implemented in NTSYSpc2.11a (33)  
PCR and ITS Sequencing: PCR amplification for the ITS has been described previously 
and methods are available online (www.phytid.org) (7). PCR generated amplicons were 
visually confirmed on 1% agarose gels. Confirmed amplicons were column purified using 
QIAquick PCR purification kit (Qiagen Valencia, CA). Purified PCR products were 
submitted for direct sequencing in both directions at The University of Tennessee’s 
Molecular Biology Resource Facility.  Sequence trace data were assigned base calls using 
phred, trimmed, and assembled using CodonCode Aligner (CodonCodes, Dedham, MA). 
 77 
The consensus sequence from assembled contigs for each individual isolate was used to 
search the NCBI Genbank database.  
Results 
 In total, 67 Phytophthora isolates were recovered and characterized in this study. 
AFLP analysis, ITS sequencing and subsequent database queries, in combination with 
morphological characterizations, allowed for identification of the following species: P. 
cactorum (n=3), P. citricola (n=20), P. citrophthora (n=26), P. foliorum (n=2), P. 
nicotianae (n=7), P. palmivora (n=1), and P. tropicalis (n=8). Resistance to mefenoxam 
was observed, but only in P. citricola (n=2) and P. citrophthora (n=4). The presence of 
distinctive oospore morphologies, sporangial dimensions and pedicel characteristics, and 
mating type reactions were consistent with the identifications made based on ITS 
sequencing. The exception was the identification and characterization of a new species, 
P. foliorum (8). 
Species specific clusters were observed with the AFLP data (Figure 4-1). The most 
abundant species recovered was P. citrophthora, which appears to be comprised of two 
sub- clusters designated as A and B. Phytophthora citrophthora isolates with identical 
AFLP genotypes were recovered from operations up to 285 miles apart. Additionally, P. 
citrophthora isolates with identical AFLP genotypes were recovered from both 2004 and 
2005 (Figure 4-2, Table 4-1). The second most commonly recovered species was P. 
citricola, and like P. citrophthora, two AFLP groups were observed with identical AFLP 
genotypes recovered from locations up to 150 miles apart and from 2004 and 2005 
(Figure 4-3, Table 4-1). Six isolates of P. nicotianae were recovered with three unique 
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Figure 4-1.  Genetic similarity of Phytophthora isolates recovered from ericaceous hosts. 
Isolates were analyzed using the selective primers E-AC/MCCC primer pairs 
to produce an AFLP profile and similarity assessed using the unweighted pair-
group with mathematical averaging (UPGMA). Isolates/species clustering 
together have been grouped for illustrative purposes. 
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Figure 4-2.  Genotypic similarity of P. citrophthora isolated form ericaceous hosts in 
Tennessee based on 37 AFLP fragments produced using the E-AC/MCC selective primer 
combination. 
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Figure 4-3.  Genotypic similarity of P. citricola isolated form ericaceous hosts in 
Tennessee based on 25 AFLP fragments produced using the E-AC/MCC 
selective primer combination. 
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AFLP genotypes (Table 4-1). Eight isolates of P. tropicalis were recovered exhibiting 
four genotypes. Phytophthora cactorum and P. foliorum were recovered less frequently. 
In the case of P. cactorum three isolates were recovered in total, two from one location in 
one year and the third recovered from a different location the following year. Isolates of 
P. foliorum  with identical AFLP genotypes were recovered from one location in 2004 
and 2005.   
Discussion 
Seven Phytophthora species were recovered from leaves of nursery grown 
ericaceous hosts as part of the Sudden Oak Death survey in Tennessee. The most 
commonly recovered species were P. citricola (29%) and P. citrophthora (38%) 
accounting for 66% of total isolates recovered. This may be the result of sampling bias or 
may reflect the prevalence of these two species in Tennessee nursery production 
facilities. Previous reports indicate that P. citricola and P. citrophthora are commonly 
associated with container-grown nursery plants or irrigation sources associated with 
nursery production (4, 11, 28, 34, 37, 40). Similarly, the remaining species identified in 
this study, though limited in their numbers, have also been recovered from similar 
hosts/sources (4, 11, 20, 34). The finding of these species is not surprising as container 
grown nursery crops are often handled by multiple facilities both inside and outside of 
Tennessee during production and the movement of Phytophthora between facilities is 
likely common.   The extent of genetic diversity within species varied with the actual 
number of isolates recovered. Due to the limited number of samples it is difficult to 
accurately assess the genetic diversity of P. cactorum, P. foliorum, P. nicotianae, and P. 
tropicalis in Tennessee. It has been shown that P. cactorum is dispersed throughout 
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southeastern states on strawberry transplants, and because it is homothallic, it is expected 
to exhibit a low level of genetic diversity (21). Populations of P. cactorum recovered 
from strawberries in the US appear to exhibit greater genetic diversity and are distinct 
from those from Europe (9, 18, 21). Additionally, isolates of P. cactorum recovered from 
rhododendron in Germany was found to be similar to both EU and US strawberry 
isolates, non-pathogenic on strawberry, and exhibited larger oospores (18). Future studies 
addressing the diversity among P. cactorum isolates from rhododendron in EU and US 
populations may further clarify dissemination of this species.   
Isolates of P. foliorum from California were identical to the isolates recovered from 
Tennessee (8). The seven P. nicotianae isolates exhibited one of three AFLP genotypes 
and a high degree of genetic similarity has been reported for this species (26, 41). Little is 
known about P. tropicalis in the continental US. From our findings here and reports from 
Virginia and South Carolina it may be that this species has recently been introduced (20, 
27). Additionally, P. tropicalis isolates recovered in Tennessee can be distinguished from 
those recovered from cacao or macadamia in the original P. tropicalis species description 
based on nuclear and mitochondrial nucleotide sequences (Donahoo and Lamour 
unpublished). 
The larger sample sets revealed considerable diversity within P. citrophthora and 
P. citricola. Diversity within P. citricola has been documented previously and up to five 
subgroups have been observed (12, 30). A study characterizing P. citricola from diverse 
hosts in California over 30 years suggest that genotypes could be correlated with host and 
geographical origin (2). The authors suggest that the observed genetic diversity may arise 
by outcrossing similar to what has been observed in the homothallic P. sojae (1, 2, 29). 
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Phytophthora citrophthora is not known to complete the sexual stage and is considered 
sterile (10). The mechanisms leading to the observed diversity within isolates of P. 
citrophthora are not known at this time.  
Although genotypic diversity was present within all the species except P. foliorum 
we were also able to document the spatiotemporal persistence of isolates carrying 
identical multi-locus AFLP genotypes over two years. This may be accomplished through 
the production of homothallic sexual spores in the case of P. foliorum, P. cactorum, and 
P. citricola. In addition, chlamydospores may play an important role in allowing for the 
persistence of species like P. citrophthora, P. nicotianae, and P. tropicalis. Furthermore, 
it is possible that these species of Phytophthora are persisting as mycelium in infected 
host tissues.   
An important finding is that all of these isolates were recovered from leaves 
exhibiting primarily non-specific brown lesions. In most, if not all, cases the leaves were 
collected from plants that were to be sold within the next weeks or months. This provides 
a unique opportunity for dispersal both within the nursery production facility and also to 
the environment at large.  Furthermore, it has been suggested that ‘sale of contaminated 
nursery stock is a particularly dangerous type of environmental pollution’ and the 
description of isolates described here may provide a useful baseline of information for 
understanding epidemics occurring both within nursery facilities and also in the natural 
environment (6).  
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CHAPTER 5 
ASSAY DEVELOPMENT FOR SINGLE NUCLEOTIDE POLYMORPHISM (SNP) 
MARKERS IN PHYTOPHTHORA CAPSICI AND THEIR APPLICATION IN A 
POPULATION OF FIELD ISOLATES FROM EAST TENNESSEE 
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Abstract  
Methods for characterizing the dynamics of sexual recombination or asexual reproduction 
within the genus Phytophthora have been facilitated with the availability of whole genome 
sequences for P. sojae, P. ramorum, P. infestans, and P. capsici. Our objective was to identify 
and implement a suite of SNP P. capsici markers useful for characterizing diversity within 
natural field populations and laboratory crosses. Using full length cDNA sequences as a 
reference, cloned genomic shotgun sequence reads from the P. capsici genome project were 
assembled and aligned. Oligonucleotide PCR primers were designed to flank ‘in silico’ derived 
SNP’s at 36 loci. Direct PCR product sampling was carried out for 36 loci in a panel of four P. 
capsici isolates and one P. tropicalis isolate. Hi-resolution DNA melting analysis (DMA) assays 
were designed and applied to field isolates collected over a four-year-period at one vegetable 
production facility in east Tennessee. Phytophthora capsici isolates recovered and genotyped 
with the DMA assays and were found to be genotypically diverse indicative, of sexual 
recombination.  
Introduction 
Over the past two decades US vegetable producers have experienced devastating losses 
attributed to diseases caused by Phytophthora capsici (1, 18, 21, 22, 25, 32). As the species name 
implies, this pathogen was initially described as a pathogen of Capsicum species in the US desert 
southwest, and is now known to infect other solanaceous hosts like tomato and eggplant, many 
members of the cucurbitaceae, and more recently snap and lima beans in the family 
leguminaceae (1, 9, 10, 13, 30, 43).       
Our understanding of relationships within and among species of Phytophthora was 
pioneered by researchers using isozymes (37-40). Molecular approaches in recent years have 
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turned to DNA based approaches primarily those implementing fingerprinting techniques such as 
restriction fragment length polymorphism (RFLP), randomly amplified polymorphic DNA 
(RAPD), and amplified fragment length polymorphism AFLP, either alone or in conjunction 
with isozymes (2, 4, 11, 14-17, 19, 35, 41). Classification within the genus has been clarified 
with several molecular phylogenies using the internal transcribed spacer (ITS) region, and 
nuclear and mitochondrial gene sequences. Recently, Blair et al. conducted a comprehensive 
phylogeny using seven loci comprised of 8700 nucleotides (3, 8, 27, 36). 
The genus Phytophthora has entered the genomics era with searchable databases 
comprised of EST, and genome sequence data available for P. sojae, P. ramorum, P. infestans, 
and P. capsici (33, 44). The molecular markers used with these species have primarily employed 
traditional ‘DNA fingerprinting’ approaches; however co-dominant markers namely 
microsatellites or simple sequence repeats (SSR) have been used less frequently (7, 23, 24, 26, 
34, 45). As a result of these large-scale genome sequencing projects in combination with current 
bioinformatics efforts, a searchable database for single nucleotide polymorphisms (SNP’s) and 
deletion insertion polymorphisms (DIP’s) has been made available through the National Center 
for Genomic Resources (capsici.ncgr.org). In cooperation with NCGR we used primary sequence 
data from the P. capsici genome project to develop a suite of coding single nucleotide 
polymorphisms cSNP’s, evaluated their presence in a panel of field isolates, developed high-
resolution DNA melting analysis (DMA) assays amendable to moderate throughput, and 
implement a subset of these assays on P. capsici field populations recovered over a four-year-
period from a vegetable production facility in east Tennessee.  
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Materials and Methods 
Fungal Cultures:  A panel of four P. capsici isolates and one P. tropicalis isolate were used to 
assess polymorphism within the species, and are listed in Table 5-1. For the population study 
field isolates were obtained from plating symptomatic tissue (roots, crowns, and stems) of 
tomato, pumpkin or pepper plants on V8-juice agar (V8A) amended with PARP (25 ppm 
pimaricin, 100 ppm ampicillin, 25 ppm rifampicin and 25 ppm pentachloronitrobenzene) (10). 
Cultures were subsequently hyphal-tipped to ensure single isolates. Hyphal-tipping was 
accomplished by growing each culture on water agar and then sub-culturing a single strand from 
the expanding margin of the culture. Cultures were maintained on V8-juice agar (V8A) and were 
stored long-term at 25ºC as colonized agar discs of V8A (6, 10) in sterile water containing two 
autoclaved hempseeds. Compatibility type was determined by pairing unknown isolates on V8A 
with known Phytophthora capsici tester isolates LT51 (A1) and LT263 (A2). Paired isolates 
were incubated in the dark for seven to 14 days before making microscopic observations 
Marker Development:  Messenger RNA was extracted from P. capsici isolate LT1534 mycelia 
grown in V8 Broth. The mRNA was reverse transcribed into cDNA, cloned and sequenced as 
EST’s. Large inserts (2.5 Kb average) were selected for sequencing to completion from the 
mycelium derived cDNA library. A total of 2339 of these, finished and hand reviewed, were 
generated primarily to assist in genome assembly and annotation. From this set 1260 were 
confirmed in a preliminary draft genome. From the subset of 1260 we identified 39 loci in the 13 
largest scaffolds (3.5Mb average) in the preliminary draft, with the intention of distributing the 
markers evenly across the genome. Individual underlying cloned shotgun sequence reads were 
retrieved and assembled back onto individual fl-cDNAs using CodonCode Aligner (Dedham, 
MA). Assembled contigs were examined visually for polymorphism in the genomic and cDNA  
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Table 5-1.  Identifier, host, geographic origin, mating type and year isolated of four P. capsici 
isolates and one P. tropicalis isolate used in assessing single nucleotide 
polymorphisms within the species. 
 
Isolate ID Host  Geography Mating Type Year 
P. capsici     
LT41 Cucurbita maxima Pennsylvania, USA A2 1998 
LT51, CBS121656 Cucumis sativus Michigan, USA A1 1997 
LT263, CBS 121657 Cucurbita pepo Tennessee, USA A2 2004 
LT2135 Capsicum annuum Trujillo, PERU A2 2006 
P. tropicalis      
LT232, CBS 121658 Rhododendron spp. Tennessee, USA A1 2004 
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reads. Primers were designed to flank polymorphic sites observed in these contigs using Primer3 
(http://frodo.wi.mit.edu). The primers for 36 loci (Table 5-2), were used to generate sequence 
from the panel of isolates (Table 5-1).  
Annealing temperatures were adjusted to ensure the generation of single amplicons which 
were visualized on 1% agarose gels. The remaining reaction mixtures were purified using 
ExoSAP-IT (USB Cleveland, OH) and then submitted for sequencing with the same primers 
used in amplification at The University of Tennessee’s Molecular Biology Resource Facility. 
Sequence trace electropherograms were then imported into CodonCodes Aligner, Phred quality 
scores were assigned, sequences were trimmed based on Phred scores, and then assembled back 
to the original full length cDNA.   
Marker Application:  DNA from P. capsici field isolates was extracted as described by Lamour 
and Finley (29). DNA was quantified using a nanodrop (Wilmington, DE) and adjusted to 5-10 
ng/µl in molecular biology grade H20. DMA assays were setup according to the manufacturer’s 
suggestions. A subset of sequence alignments form above (FLc’s 1, 3, 6, 7, 8, 9, 14) were used to 
design primers for use with high-resolution DNA melting (DMA) in the Lightscanner primer 
designer software (IdahoTech, Salt Lake, UT). This subset of assay primers was designed to 
flank from three to eight SNP’s for use in this population study (Table 5-3).   
A typical 5 μl DMA reaction consisted of 2 μl LC Green (Idahotech), 1μl each of forward 
and reverse primers (2.5μM) and 1μl template DNA (~6 ng/μl). Amplification reactions were 
carried out in 384-well plates (BioRad, Hercules, CA) under 12 μl of. 
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Table 5-2. Primer pairs used for amplification and direct sequencing of 36 loci from panel of four P. capsici isolates allowing 
the identification of polymorphic sites within the species 
Locus 
ID Forward Primer Reverse Primer 
Size 
(bp) Tm ºC 
Location on 
cDNA 
cDNA 
Length 
(bp) 
# of sites 
in seq 
amplicon 
# inferred 
haplotypes 
FLc-1 CGACGAGTACAAGTCGGACA ATGTACGGGTTCAGCGAGTC 560 55 774-1334/1715 1715 15 4 
FLc-3 CTTCTCCTATTGCCCCTTCC CGAGACGTTCCTTCACCTGT 588 55 21-609/2198 2198 8 4 
Flc-4 ATCTTAAACCGCATGGTGGA TAGCGACCTCCACAATCACA 636 55 691-1327/1717 1717 12 6 
FLc-5 ATGAGTTCATGTGCGAGCTG TCGGACGAGAAGTCGGTATC  870 63 359-1229/1646 1646 16 4 
FLc-6 CACTTGGGCATTCTGGAAAT CAGGGAATCCTCCTCCAAAT 751 55 (-117)-634/1834 1834 15 4 
FLc-7 GAAGCAAGGCGTTGACAGTA GATCCATGGTAGTCCAGCAGA 500 55 24-524/1701 1701 7 4 
FLc-8 AAGAAGCACATGCGAGACAA CAATGCCTGTTTAGCAGACG 506 55 730-1236/2845 2845 10 6 
FLc-9 CTCCATGCTCGTCACTTTGA GTCGGTCTGCGATCTTCTTC 640 55 1-641/1611 1611 15 7 
FLc-11 ACGACATCTACGGCGAGAAC AGACACTGGCTGGCTGATCT 484 55 278-762/3223 3223 12 6 
FLc-12 TCAGATCCAGCCCGATATTC AAGGTCCTCCTCCTCCTGAA 435 55 1890-2325/3434 3434 7 4 
FLc-13 AAACGCGAATACACCGAGTC CATCTCCACGTCATCAATGC 644 55 895-1539/1921 1921 14 7 
FLc-14 AAGACAGAGTTCGGCTCTCG CAGCCTGTTGCTCTGTCACT 604 55 1558-2162/2229 2229 18 6 
FLc-15 CAATGGGAGAGGAAGACGAA ACTTTCGTCAAAAGCGAGGA 682 55 1343-2025/2322 2322 9 4 
FLc-16 CAAGAAGGCTTCGGTGTGAT GCACCGAACAGAACGAACTA 606 55 1270-1876/2228 2228 5 5 
FLc-17 TCATTACTGCAGATGGCAATG TCTCCGTCACCAGAGTCTCC 723 63 2006-2729/3038 3038 7 4 
FLc-18 ACGACGGCTACAGCAAAAAC TTAACAGGCGAGGATCAACC 862 63 2731-3593/3670 3670 14 5 
FLc-19 AGTAGCGAGCGTGTGGACTT CTTCAGACGGGGTTTCTCAA 824 63 2410-3234/3574 3574 18 6 
FLc-20 CGCAGATTGTCAACCTTATCC GCGCTTGCTCAATCAATACA 734 63 1760-2494/2757 2757 14 4 
FLc-22 TTGTACATGATGCGATGCAA TAGCTCCACTGGGGTCATTC 726 63 472-198/2020 2020 14 4 
FLc-23 GGCTCACTATATGCGGCTTC GTTTCTCCGGATTGGACAAG 704 63 1599-2303/3162 3162 10 6 
FLc-24 CCGGTAAACCCACTGGAAG CCAATCGAAGCATCTGGAAG 713 55 565-1278/3064 3064 19 4 
FLc-25 AAGGACCCCTGCATACATGA CAGTCTGCGGATGCATGTTA 815 60 2676-3491/3508 3508 19 5 
FLc-26 GGACTCGATCACTCTCTCTCG GCTCAGCGACTGTTCACTCA 818 55 58-876/2441 2441 20 6 
FLc-27 AAGGGGAAGGAGCTTACGAC CAAGTGCTCCAAAGCATCAA 715 55 74-789/2393 2393 14 4 
FLc-28 TCAACGACCTACACGCTCTG AGCTCCATCAAACCAAGCTG 725 55 3268-3993/4958 4958 15 4 
FLc-29 GAGAAGTGGGGACGTTTCAG ATCTCGTCCACGGTTTCATC 754 55 439-1193/2149 2149 10 5 
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 Table 5-2 (continued) 
Locus 
ID Forward Primer Reverse Primer 
Size 
(bp) Tm ºC 
Location on 
cDNA 
cDNA 
Length 
(bp) 
# of sites 
in seq 
amplicon 
# inferred 
haplotypes 
FLc-31 GCCATCTTCTTCGGTCTGTC GAACGTCGCCTCGTTGAT 695 55 775-1470/1780 1780   
FLc-32 TATCTGAAGACGGCGGTAGC CAGTAGAGGCCACACGTGAA 709 64 1765-2474/3430 3430 27 4* 
FLc-33 ACGACTACACGCACTGCATC GCTGCGTTAGTCCAGTCCAT 708 64 758-1466/2194 2194 11 4 
FLc-34 TCATTGGGTCAGCACAACAT GTGCGAATCAATCTGAGCAA 766 60 1130-1896/2382 2382 10 4 
FLc-35 GCATCAACATTCGCCTAACA AGTGACAGCAACGGGAGAAT 778 61 20-798/1911 1911 9 3* 
FLc-36 CAATGAGGACGATGATGTGG GACCGAACTTCTGCTTCAGG 748 61 882-1630/2229 2229 10 4 
FLc-37 AGCCAATAAACGGTTTGCTC GAGGTACGGAGCGGTGGATA 931 61 (-240)-691/2295 2295 9 5 
FLc-38 TTGGGAACTGTCATCAGTCG GGATCCACATTCACGCAGTT 760 61 1169-1929/2045 2045 4 3 
FLc-39 CCGGAGGATGTTATGGTGAT GATGGCACTACGTTGCATTG 770 61 3132-3902/3902 3902   
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Table 5-3.  DMA assay primers used in East Tennessee field populations, and number of 
polymorphic sites in panel of four P. capsici isolates 
Locus 
ID Forward Primer Reverse Primer 
Amplicon 
Size Tm ºC 
# of 
sites 
FL-1 GTCGTACACCGACTTGAT GCCTTCAAGAACACGGC 81 59 5 
FL-3 GGGGCGTTCTCAACAGTATGC CAGCGTCGGGTGCGTC 227 64 2 
FL-4 TTGTGCAGAAGTCCATCCTG CGTCCGGATCCTTCTTGTAG 210 64 8 
FL-6 CCTCATTTCTCAATTTACCACG GTGGAATTGTGCACCATTT 67 59 3 
FL-7 AGAGACTCTCGAGTCTGC GCATTGAGCATTGCCTGA 142 59 2 
FL-8 ACAAGGAGCTGCTTGTT CGACAGGTTTCCAGCTCA 97 59 2 
FL-9 GGACATCTTTCCCTTTCTTGG ACGTTGAAAGCGACGGA 115 59 2 
FL-11 GTAGACCCTGCATCGGC GCTCTGGAAGCTCAGTT 88 59 2 
FL-13 GCTTGATGCAACGTCAAC GCCGTTGGCAGCAGTAA 91 59 2 
FL-14 TCCTGTCTGTGGGTGTG GAAGGCTCTCGTTACGC 106 59 8 
 
 
 
mineral oil. Amplification was conducted on a 384-well MJ cycler with a 2 minute 
denaturation at 95º C, followed by 45 cycles of 30 sec at 59 or 64º C, followed by a 
heteroduplex step of 94º C for 30 seconds then 28º C for 30 seconds. The resulting 
amplicons were subjected to DMA using the LightScanner instrument with the melting 
window set from 75º C to 98º C. After removing failed reactions and normalization, 
genotypes were called with the accompanying Call IT software (Idahotech). Additional 
direct sequencing of PCR products was conducted for samples representing unknown 
genotypes called by the Lightscanner software. The resulting data were assembled in 
CodonCode Aligner as described above. Polymorphic sites within the DMA assay 
amplicons were then formatted as input for use with PHASE (5, 42). Haplotype inference 
was conducted in PHASE using 1000 iterations, a thinning interval of 100, and burn-in of 
1000. The inferred haplotypes were treated as alleles in calculating Hardy-Weinberg 
equilibrium 
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Results 
Marker Development:  Over 100 Kb of sequence data was generated for 36 loci from 
the panel of four P. capsici isolates (Table 5-1). All of the loci were polymorphic within 
the panel. The sequencing amplicons ranged from 435 to 931 bp with an average of 700 
bp across the 36 loci. Amplification with the same primers allowed for sequence to be 
generated from 31 loci with the P. tropicalis isolate. Within the panel of four P. capsici, 
426 SNP’s were observed, and with the inclusion of the P. tropicalis sequence 995 sites 
were observed across the same loci. The average number of SNP’s/locus was 13 and 32 
for P. capsici and P. tropicalis, respectively. The number of haplotypes inferred from the 
P. capsici panel of isolates ranged from three to six. Nexus sequence alignment files are 
available from the author. 
Marker Application:  A total of 155 P. capsici isolates were recovered. In 2004, 28 P. 
capsici isolates were recovered pumpkin plants 19 of these isolates exhibited unique 
multi-locus genotypes. Sampling the same field which was planted in peppers during 
2006, allowed for the recovery of 67 isolates, of which 27 isolates were found to be  
unique. In 2007, the field was planted in peppers and tomatoes, 60 isolates were 
recovered, 57 exhibited unique multi-locus genotypes. In total, 104 P. capsici individuals 
were recovered during the three years sampled. The ratios of A1 to A2 mating type for 
isolates recovered in 2004 were 2:1 (A1:A2), whereas in 2006 it was 1:2 (A1:A2). 
Samples from 2007 were found to exist in a 1:1.3 A1:A2 ratio.  
The assays developed flanked multiple polymorphic sites based on the panel described 
above. As a result, six of the seven DMA assays behaved as haplotype markers more than 
SNP markers in that more than three genotypes were observed from the field population. 
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Using DMA allowed for the discrimination of allelic haplotypes. DMA assay FLc-1 
which covers five polymorphic sites was the only one found to be truly bi-allelic in the 
population studied. Melting curves for samples homozygous for each haplotype and the 
heterozygous as observed in the LightScanner software for FLc-1 are shown in Figure 5-
1A. In contrast, the most complex locus assayed was FLc-14 where primers were 
designed to flank eight polymorphic sites. In this scenario, eight genotypes were 
resolved. Sequencing of novel genotypes and PHASE haplotype inference revealed six 
haplotypes at this locus. Melting curves for the eight genotypes observed at the FLc-14 
locus are shown in Figure 5-1B. Summary data for the seven markers, their constituent 
haplotypes, allele frequencies and Hardy-Weinberg equilibrium (HWE) chi-square/ p-
values are presented in Table 5-4.    
Discussion 
We took an ‘in silico’ approach to identifying SNP’s in Phytophthora capsici using 
36 loci. Over 400 polymorphic sites were identified in the panel of four P. capsici 
isolates, and this number doubled with the inclusion of a single P. tropicalis isolate. In 
addition to substitution polymorphisms, deletion/insertion polymorphisms were observed 
in both the four isolate P. capsici panel and Tennessee field isolates. The designed DMA 
assays included multiple polymorphic sites which allowed for the identification multiple 
haplotypes/alleles at a given locus. During the developing stages, attempts were made to 
use unlabeled probes for use with DMA genotyping. Numerous attempts with several loci 
proved unfruitful. We attribute this to the high G+C content of the nuclear genome in 
Phytophthora.  
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Figure 5-1. Variation in the number of observed genotypes based on marker and number 
of polymorphisms assayed. Normalized melting curves allow for the 
visualization of homo- and heterozygous loci and difference curves facilitate 
grouping genotypic classes in Lighscanner Software. (A) FLc-1 spans five 
polymorphic sites which exits as two haplotypes in the East TN population 
(B) FLc-14 spans eight polymorphic sites and exist as six haplotypes in the 
same population. 
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Table 5-4.  DMA marker assay, genotype calls from the LightScanner software, PHASE 
inferred haplotypes, haplotype frequencies, and calculated HWE chi-square 
and p-values from P. capsici field populations over three years 
Marker LS Call H1 H2 H3 H4 H5 H6 x2 p 
Flc-1 A  X       
 B X        
 C X X       
2004  0.42 0. 58     1.66 0.44 
2006  0.67 0.33     6.75 0.03 
2007  0.54 0.46     0.99 0.61 
          
FLc-3 A X  X      
 B X X       
 C   X  X    
 D   XX      
 E   X X     
2004  0.35 0.12 0.41  0.12  85.3 0.00 
2006  0.42 0.17 0.36 0.03 0.03  89.3 0.00 
2007  0.32 0.11 0.47 0.07 0.03  226.9 0.00 
          
FLc-6 A X X       
 B XX        
 C  X X      
 D X  X      
2004  0.69 0.28 0.03    3.31 0.65 
2006  0.73 0.18 0.10    1.14 0.95 
2007  0.49 0.31 0.19    13.9 0.02 
          
FLc-7 A X X       
 B X  X      
 C X   X     
 D   X X     
2004  0.50 0.33 0.03 0.14   13.5 0.14 
2006  0.45 0.39 0.08 0.03   21.5 0.00 
2007  0.40 0.16 0.19 0.10   102.8 0.00 
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Table 5-4 (continued) 
 
Marker LS Call H1 H2 H3 H4 H5 H6 x2 p 
FLc-8 A X X       
 B  X X      
 C   XX      
 D X  X      
2004  0.19 0.19 0.61    3.3 0.64 
2006  0.30 0.34 0.36    57.6 0.00 
2007  0.24 0.32 0.45    18.2 0.00 
          
FLc-9 A X X       
 B   XX      
 C   X X     
 D  X X      
 E X  X      
2004  0.19 0.08 0.58 0.14   15.8 0.07 
2006  0.14 0.28 0.44 0.14   19.4 0.02 
2007  0.15 0.19 0.48 0.18   164.9 0.00 
          
FLc-14 A X  X      
 B  X    X   
 C    XX     
 D X     X   
 E XX        
 F     X X   
 G  X  X     
 H    X X    
2004  0.29 0.11 0.08  0.16 0.37 24.9 0.03 
2006  0.43 0.05 0.14 0.12 0.10 0.17 39 0.00 
2007  0.25 0.16 0.06 0.23 0.09 0.20 67.5 0.00 
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To date, the study of Phytophthora capsici populations have relied essentially on 
the use of DNA fingerprinting approaches (12, 13, 22, 31, 32, 41). These studies have 
illuminated the role that oospores and sexual recombination play in residual inoculum, 
and resistance to fungicides (18, 28, 30). While DNA fingerprinting techniques have 
proven useful in studying P. capsici the resolution in comparison to co-dominant markers 
as those described here are significant. Using a combination AFLP and SNP markers to 
characterize P. capsici recovered from peppers in Peru, Hurtado-Gonzales et al. found 
that isolates were primarily comprised of two clonal lineages (20). The observations 
made using 50 AFLP markers or six SNP markers showed a strong correlation, an 
exception being that two additional genotypes within the PcPE-1 could be deduced by the 
loss of heterozygosity at one or two loci (20). These findings accentuate the powers of 
SNP markers and their use in studying populations of P. capsici. Similarly, application of 
the seven DMA assays used in this study allowed for greater resolution of the 2004 field 
isolates than was possible using AFLP. 
While a high degree of polymorphism is present at the loci described here, all of 
the sites in the DMA assays were silent/synonymous substitutions indicative of neutral 
markers. The null hypothesis that the markers meet HWE is violated at most loci assayed. 
Exceptions include Flc-1 (2004, and 2007), FLc-6 (2004 and 2006), and FLc’s-7, 8 
(2004). The underlying mechanisms governing this phenomenon are unclear. It is 
possible that migrants or new genotypes are being introduced as new haplotypes appear 
in years 2006 and 2007. The inclusion and comparison of additional populations in and 
around surrounding geographies with the data generated in this study may elucidate 
phenomena associated with the violations of HWE observed.  
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The markers generated here are derived from large (>1.6 Kb) P. capsici cDNA’s 
and appear to be conserved with P. sojae, P. ramorum, and P. infestans. The number of 
sites per locus in the panel of isolates ranged from four to 20 depending on the locus with 
an average of one per 60 bp. The utility in the SNP one might choose to assay and the 
method used to assay it are up to the researcher and the question being addressed. 
Because of the apparent level of conservation, these markers would likely be useful with 
other species within the genus, although some optimization may be required. The use of 
these markers in characterizing populations of P. capsici will hopefully assist in 
management practices and breeding strategies. Similarly they should prove useful in the 
generation of genetic and physical maps for P. capsici.  
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